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1 .O IN rRODUCTION AND SUMMARY 
Th is  r e p o r t  documents t he  analyses and i nves t i ga t i ons  performed 
by Axiomat ix under Cont ract  NAS 9-15387C f o r  NASA Johnson Space Center. 
Th i s  r e p o r t  and i t s  companion r e p o r t  performed under Cont ract  NAS 9-153878 
present  t h e  r e s u l t s  o f  work performed t o  analyze areas o f  a GPS nav iga t i on  
system t o  be implemented on t he  S h u t t l e  t h a t  would have t he  g rea tes t  
impact on performance. Also, t h i s  r e p o r t  presents r e s u l t s  of t he  inves- 
t i g a t i o n  o f  t he  i n t e g r a t i o n  problems. The var ious  aspects o f  GPS rece i ve r  
design t r ade -o f f s  t h a t  were evaluated as p a r t  o f  the  analyses and inves- 
t i g a t i o n s  a re  inc luded i r  t h i s  r epo r t .  
The ana lys is  o f  t he  Shuttle/GPS 1 i n k  i s  o f  foremost importance. 
I t i s  necessary t o  demonstrate a s u f f i c i e n t l y  h igh  s i gna l  - to -no ise  r a t i o  
f o r  t h i s  l i n k  a t  t h i s  pont i n  t ime so t h a t  a h i gh  degree o f  conf idence 
can be es tab l  i shed f o r  meeting performance requirements when t he  f l  i g h t  
system i s  implemented. The approximately 3 dB o f  minimum margin found 
i n  t he  l i n k  ana lys is  s a t i s f i e s  t h i s  goal .  
Since the  Shu t t l e  GPS antennas must be loca ted  remotely from the  
rece ive r ,  a preampl i f i e r  i s  necessary. Th is  preampl i f i e r  determines the  
system noise temperature and thus s t r o n g l y  in f luences  the  l i n k  margin. 
Consequently, t rade-of fs  and performance f o r  S h u t t l e  GPS appl i c a t i o n  
has bfen inves t iga ted .  Furthermore, performance o f  the  system as i n f l u -  
enced by redundancy sw i tch ing  cons iderat ions has been analyzed. 
A discuss ion o f  several  GPS rece i ve r  a r c h i t e c t u r e  t r ade -o f f s  i s  
presented. The d iscuss ion i s  centered on the sequent ia l  rece ive r ,  which 
i s  recommended as the  base1 i ne rece i ve r  a r ch i t ec tu re .  Three rece i ve r  
frequency conversion p lans a re  discussed and double conversion i s  h igh-  
l i g h t e d  as an a t t r a c t i v e  choice. 
The S h u t t l e  GPS system must operate i n  a complex RF environment, 
i n  which several  on-board RF en l i t te rs  may operate s imultaneously.  Con- 
sequently, and RFI/EMI ana lys is  has been performed which evaluates the 
Shu t t l e  RF harmonics and intermods t h a t  f a l l  w i t h i n  the  GPS rece i ve r  
bandwidth. The ana lys is  shows t h a t  no ser ious RFI/EMI problems e x i s t .  
An ana lys is  o f  TACAN/GPS EMC has shown t h a t  28 dB o f  i s o l a t i o n  between 
the  TACAN antenna and the  GPS antenna i s  des i rab le .  I t  i s  po in ted  out  
t h a t  i f  t he  requirement f o r  ionospher ic de lay c o r r e c t i o n  i s  re laxed, the 
2 
i s o l a t i o n  can be smaller since on ly  the L2 frequency i s  af fected.  Opera- 
t io-31 procedures can a1 so re lax  the i s o l a t i o n  requirement. 
The GPS PN code acqu is i t i on  has been analyzed extensively.  This 
analys is  has used the resu l t s  o f  the 1  i nk  budget analys is  t o  opt imize 
the type o f  acqu is i t i on  technique ( s tquen t i a l )  and t o  opt imize the r e c e i i i  
parameters such as bandwidth and threshold t h a t  a f f e c t  the acqu is i t i on  
time. 
The GPS s ignal  c a r r i e r  must be acquired f o r  data detect ion and 
pseudo range r a t e  measurements. I n  the low GPS signal l eve l  environment 
o f  the Shutt le,  i t  i s  important t h a t  the receiver  processing be optimized 
f o r  f a s t  c a r r i e r  acqu is i t ion .  A technique f o r  p o t e n t i a l l y  improving the 
c a r r i e r  acqu is i t i on  performance f o r  the Shut t le  GPS i s  presented and 
analyzed i n  deta i  1  . An improvement over conventional coherent receiver  
techniques i s  shown. 
Since the receiver  clock s t rong ly  a f fec ts  both GPS c a r r i e r  and 
code acqui s i  t i o n  performance, a  clock model has been developed and analyzed. 
This model i s  usefu l  i n  specify ing the performance f o r  the Shut t le  GPS 
receiver  clock. 
The Shut t le  GPS system performance w i l l ,  t o  a  la rge  extent,  
depend on elements of the ove ra l l  GPS system beyond the cont ro l  o f  NASA. 
For t h i s  reason, an in ter face cont ro l  document ( I C D )  between NASA and 
the GPS J o i n t  Program Off ice i s  necessary. A pre l iminary out1 ine  of t h i s  
ICD i s  presented. 
2.0 GPS/SHUTTLE LINK BUDGETS 
Summary 
The l i n k  budgets f o r  t he  GPS s a t e l l i t e  t o  t he  Space S h u t t l e  
(nominal o r b i t )  have been ca lcu la ted .  Tables 1 through 12 a re  the  
d e t a i l e d  budgets f o r  ranging, c a r r i e r  t r a c k i n g  and data de tec t i on  f o r  
L1 and L2 frequencies and P and C I A  codes. I n  general , the  garariieter va l -  
ues a re  e i t h e r  worst-case s p e c i f i e d  values, best  engineer{  ng p r e d i c t i o n s  
based on breadboard measurements, o r  survey o f  a v a i l a b l e  equipment o r  com- 
ponents. The system e f f e c t i v e  no ise  temperature i s  d i rcussed i n  d e t a i l  
below but ,  s i i l ce  i t  i s  so s t r o n g l y  in f luenced  by preamp performance, 
Sect i on  3.0 has been devoted t o  preamp1 if ie r  design and ana lys is  . 
The l i n k  margins a re  summarized i n  Table 13. I n  general, t he  
in-atmosphere performance should be e s s e n t i a l l y  t he  same s ince  the  
SS-GPS-2000 System S p e c i f i c a t i o n  f o r  the  NAVSTAR Global Pos i t i on i ng  Sys- 
tem s p e c i f i e s  L1 and L2 s igna l  l e v e l s  a t  the  e a r t h ' s  sur face o f  -163 and 
-166 dBW f o r  a 0 dB c i r c u l a r l y  po1,arized antenna. These s igna l  l e v e l s  
a re  w i t h i n  0.4 dB of the GPS/Shuttle l i n k  f o r  a -4 dB antenna ga in .  
An exp lanat ion o f  some o f  the  budget parameter values f o l l ows  below. 
S a t e l l i t e  EIRP- 
These values a re  f o r  the  edge o f  ea r t h  coverage as s p e c i f i e d  i n  
the  GPS Space Segment Spec i f i ca t i on  CID-SV-1OH. The ac tua l  performance 
o f  the  two o n - o r b i t  spacecraft has been repor ted  t o  be b e t t e r  than the  
s p e c i f i c a t i o n  values. 
Space Loss 
Two space l oss  numbers of -184.6 and -182.4 dB f o r  L1 and L2, 
respec t i ve ly ,  a re  based on Lhe o r b i t a l  geometry shown i n  F igure 1.  
From F igure 1, the  l i n e  o f  s i g h t  (LOS) i s  g iven by: 
-1 6698 R = 26,650 cos (1 = 26,659 cos [ s i n  26,650 --I 
The space loss  i s  given by L = 92.45 + 20 l o g  f ( G H z )  + l og  R (km) 
= 9 2 . 4  + 20 l o g  1,575 + 20 l o g  25,795 
= 184.6 dB. 
Table 1. Base1 i n e  L i nk  Budget f o r  Range Measurement, L l -P  
L i nk  L1-P, Range 
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ial  t o  O r b i t  
Parameter -- Value Explanat ion 
Sate1 1 i t e  EIRP 23.8 dF, EOE , Spec. CID-SV-1 OH 
Space Loss -184.6 dB Path Tangent t o  O r b i t  
P o i n t i n  : Loss - 0.4 dB 
Po la r i za t i on  Loss - 0.4 dB 
Atmospheric Loss 0 
Shu t t l e  Antenna Gain - 4.0 dB 
Received Power -165.6 dBW A t  Antenna Terminals 
Sys tem Noise Temperature 28.5 dBK TSy S = 705°K ( a t  antenna te rmina ls )  
Boltzmann's Constant -228.6 dB-W/K/Hz 
Noise Spectral  Densi ty -200.1 dB-W/Hz 
C/NO 34.5 dB-HZ 
Required C/NO (Theoret ica l  ) 29. E dB-Hz = 51 
' ~ a n ~ e  
Implementation Loss 2.0 dB 
Required C/NO 31.6 dB-Hz 
L ink  Margin 2.9 dB 
Table 2. Base1 i n e  L i nk  Budget f o r  Range Measurement, L1 -C/A 
L i n k  L1-CIA, Range 
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
Sate1 1 i t e  EIRP 
Space Loss 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
Atmospheric Loss 
Shu t t l e  A,tenna Gain 
Recei ved Power 
System Noise Temperature 
Bol tzmann' s Constant 
Noise Spectral  Densi ty 
C/NO 
Required C/NO (Theore t i ca l )  
Imp1 emen t a t  i on  Loss 
Requ i red C/NO 





- 0.4 dB 
- 0.4 dB 
0 










Expl a m t i o n  
EOE, Spec. CID-SV-1 OH 
Path Tangent t o  r r b i  t 
A t  Antenna Terminal s 
TSyS = 705°K ( a t  antenna te rmina ls )  
a Range = 50'  
Table 3. Basel ine L i n k  Budget f o r  Range Measurement, L2-P 
L i nk  L2-P, Range 
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
S a t e l l i t e  E IRP  
Space Loss 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
A t ~ ~ ~ o s p h e r i c  Loss 
S h u t t l e  Antenna Gain 
Rece i ved Power 
System Noise Teniperature 
Bol tzmann' s  Constant 
Noise Spect ra l  Densi ty 
C/NO 
Required C/No (Theore t i ca l  ) 
Imp lemen t~ t  ion  Loss 
Requ i red C/NO 





- 0.4 dB 
- 0.4 dB 
0 









2 .5  dB 
Explanat ion 
EOE , Spec. CID-SV-1 OH 
Path Tangent t o  O r b i t  
A t  Antenna Terminals 
T  = 7C5"K ( a t  antenna SYS te rmina ls )  
(7 = 7 '  Range 
Table 4. Base1 i n e  L i n k  Budget f o r  Range Measurement, L2-CIA 
L i nk  L2-CIA, Range 
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
-- 
S a t e l l i t e  EIRP 
Space Loss 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
Atmospheric Loss 
S h u t t l e  Antenna Gain 
Received Power 
System Noise Temperature 
Bol tzinann ' s Constant 
Noise Spect ra l  Densi ty 
C/NO 
Required C/NO (Theore t i ca l  ) 
Iniplernentation Loss 
Required C/No 




- 0.4 dB 
- 0.4 dB 
0 





32.0  dB-HZ 
27.5 dB-HZ 
2.0 dB 
2 9 . 5  dB-HZ 
2.5  dB 
Explanat ion 
EOE, Spec. CID-SV-1 OH 
Path Tdngent t o  O r b i t  
A t  Antenna Ternii na l  s 
TSyS = 705°K ( a t  antenna te rmina ls )  
cr Range = 70' 
Table 5. Base l ine  L i n k  Budget f o r  C a r r i e r  Tracking,  L1-P 
L i n k  L l -P,  C a r r i e r  
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter -- Value Exp lana t ion  
S a t e l l i t e  EIRP 23.8 dBW EOE, Spec. CID-SV-1OH 
Space Loss 
P o i n t i n g  Loss 
-184.6 dB Path Tangent t o  O r b i t  
- 0.4 dB 
P o l a r i z a t i o n  Loss - 0.4 dB 
Atn~uspher ic Loss 
S h u t t l e  Antenna Gain 
Received Power 
System Noise Temperature 
Bol tzlnann's Constant 
Noise Spec t ra l  Dens i ty  
C/NO 
Required C/NO ( T h e o r e t i c a l  ) 
11np i emerita t i o n  Loss 
Rsqir i red C/NO 
L i n k  Margin 
-165.6 dBW A t  Antenna Terminals 
28.5 dBK T = 705°K ( a t  antenna SY s te rm ina l  s 1 
-228.6 dB-W/K/Hz 
28.5 dB-HZ 
 it i e r  = 15" 
1.5 dB 
Table 6. Basel ine L i n k  Budget f o r  C a r r i e r  Tracking, Ll-C/A 
,.ink L1 -C/A, C a r r i e r  
Upper Antenna 




S a t e l l  i t e  E I R P  26.8 dBW 
Space Loss 
Po in t i ng  Loss 
Ex l a n a t i o n  1.-- 
EOE , Spec, CID-SV-l OH 
Path Tangent t o  O r b i t  
P o l a r i z a t i o n  Loss - 0.4 dB 
At~iiospheric Loss 0 
Shu t t l e  Antennd Gain - 4.0 dB 
Received Power -162.6 dRW A t  Antenna Terminal s 
Systelii Noise Teaipera t u r e  28.5 dBK Tsys = 70°K ( a t  antenna tern i i  na l  s )  
t3ol tzlliann' 7 ?onstant  -228.6 dB-W/K/Hz 
; lolse Spect ra l  Densi ty -200.1 dR-W/Hz 
C/NO 37.5 dB-Hz 
Required C/NO (Theore t i ca l  ) 28.0 dB-Hz o J i t t e r  = 150 
Implet i~entat ior  Loss 1.5 dC, 
Reqt~ ired C i N O  
L i n k  Pidryin 
Table 7. Base1 i n e  L i n k  Budget f o r  C a r r i e r  Tracking, L2-P 
L i nk  L2-P, C a r r i e r  
Upper Antenna 
Orbi  cal Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
S a t e l l i t e  EIRP 
Space '.ass 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
Atiliospheric Loss 
S h u t t l e  Antenna Gain 
Received Power 
System Noise Temperature 
Bol tzmann ' s  Constant 
Noise Spect ra l  Dens i t y  
C/ND 
Req j i r e d  C/NO (Theore t i ca l  ) 
Implementation Loss 
Required C/NO 





- 0.4 dB 
- 0.4 dB 
0 










EOE, Spec. CID-SV-1 OH 
Path Tangent t o  O r b i t  
TSyS = 705°K ( a t  antenna te rmina ls )  
0 J i t t e r  = 15' 
Table 8. Base1 i n e  L i nk  Budget f o r  C a r r i e r  l r a c k i n g ,  L2-C/A 
L i nk  L 2-C/A, C a r r i e r  
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
Sate1 1 i t e  EIRP 
Space Loss 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
Atniospheric Loss 
Shu t t l e  Antenna G a i n  
Received Power 
Systeni Noise Temperature 
Bol tzlnann' s Constant 
Noise Spect ra l  Densi t y  
C/NO 
Required C/N (Theore t i ca l  ) 0 
I ~ i i p l  ementa t i o n  Loss 
Required C / N O  
L i nk  Marg in  
Value 
19.1 dBW 
w a n a t i o n  -
EOE, Spec. CID-SV-1OH 
Path Tangent t o  O r b i t  
28.5 dBK TSyS = 705°K ( a t  antenna termina i  s)  
-228.6 dB/W/K/Hz 
28.0 dB-HZ IT = 15" J i t t e r  
1.5 dB 
Table 9, Base1 i n e  L i n k  Budget f o r  Data Detect ion,  L1 -P 
L i n k  L1-P, Data De tec t ion  
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
S a t e l l i t e  EIRP 
Space Loss 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
Atmospheric Loss 
S h u t t l e  Antenna Gain 
Received Power 
System Noise Temperature 
Bol tzmann ' s Cons tan  t 
Noise Spectral  Dens i ty  
C/No 
Required C/NO (Theore t i ca l  ) 
Implernenta t i o n  Loss 
Required C/NO 





- 0.4 dB 
- 0.4 dB 
0 











EOE , Spec. CID-SV-1OH 
Path Tangent t o  O r b i t  
A t  Antenna Terminal s 
T ~ y s  = 705°K ( a t  antenna termina l  s) 
BER = 
Table 10. Basel ine L i n k  Budget 
L i nk  L1-C/A, Data Detect ion 
Upper Antenna 
f o r  Data Detect ion,  L1-C/A 
o r b i t a l  Geometry: Path Tangent ia l  t o  O r b i t  
Parameter 
Sate1 1 i t e  EIRP 
Space Loss 
Po in t i ng  Loss 
P o l a r i z a t i o n  Loss 
Atmospheric Loss 
Shu t t l e  Antenna Gain 
Received Power 
System Noise Temperature 
Bol tzmann's Constant 
Noise Spect ra l  Dens i ty  
C/NO 
Va 1 ue 
- Explanat ion 
26.8 dBbi EOE, Spec. CID-SV-1 OH 
-184.6 dB 
- 0.4 dB 
- 0.4 dB 
r l  
- 4 . 9  dB 
-162.6 dBW A t  Antenna Terminals 




Required C/NO (Theore t i ca l  ) 26.6 dB-Hz BER = l o e 5  
Imp1 ementa t i o n  Loss 2.0 dB 
Requ i red C/No 28.6 dB-Hz 
L i nk  Margin 8.9 dB 
Table 11. Base1 ine  L ink Budget f o r  Data Detection, L2-P 
L ink  L?-P, Data Detect ion 
Upper Antenna 
Orb i ta l  Geometry: Path Tangential t o  Orb i t  
Parameter 
Satel 1 i t e  EIRP 
Space Loss 
Point ing Loss 
Po lar iza t ion  Loss 
Atmospheric Loss 
Shut t le  Antenna Gain 
Recei ved Power 
System Noise Temperature 
Bol tzmann's Constant 
Noise Spectral Density 
C/NO 
Required C/NO (Theoret ical  ) 
Implementa t i o n  Loss 
Required C/NO 





- 0.4 dB 
- 0.4 dB 
0 











EOE , Spec. CID-SV-1 OH 
Path Tangent t o  Orb i t  
A t  Antenna Terminals 
TSyS = 7 0 5 O K  ( a t  antenna terminal s )  
Table 12. Basel ink L i n k  Budget f o r  Data Detect ion, L2-CIA 
L ink  L2-CIA, Data Detect ion 
Upper Antenna 
O r b i t a l  Geometry: Path Tangent ial  t o  O r b i t  
Parameter 
S a t e l l i t e  EIRP 
Space Loss 
Po in t ing  Loss 
P o l a r i z a t i o n  Loss 
Atmospheric Loss 
Shu t t l e  Antenna Gain 
Rece f ved Power 
Sys tem Noise Temperature 
Bol tzmann ' s Cons tan t 
Noise Spectral  Densi ty 
CINO 
Required C/No (Theoret ica l  ) 
Implementation Loss 
Requi red C/NO 





- 0.4 dB 
- 0.4 dB 
0 









Expl ana t i on 
EOE, Spec. CID-SV-1 OH 
Path Tangent t o  O r b i t  
A t  Antenna Terminal s 
TSyS = 705OK ( a t  antenna terminal  s) 
Table 13. Base1 i n e  System Con f igu ra t ion ,  On-Orbi t 
L i n k  Margin Summary 
L i n k  M a r g i n  by Funct ion 
Ranging C a r r i e r  Data 
L i n k  (dB) (dB) (dB) _ 
Lower Antenna* 
Upper Antenna 
*OV102 lower antenna margins a r e  1.3 dB lower .  
LOS Tangent 
Orbl ter to Orbl t 
GPS Sat  
Figure 1. Geometry for Shuttle/GPS Link Space Loss Calculation 
This geometry, c a l l e d  LOS tangen t - to -o rb i  t, t s considered a 
nominal base l ine  case. Somo 1 Inks,  such as t he  overhead viewing 1 inks,  
w i l l  have less  space loss;  and 0 t h  l i n k s ,  such as those where t h e  
O r b i t e r  may be i n  h igher  o r b i t s  and v iewing tangent t o  t he  e a r t h  ( o r  
ea r t h '  s atmosphere), w i  11 have g rea te r  1 oss . 
Po in t i ng  Loss 
The p o i n t i n g  l oss  va lue o f  -0.4 dB occurs because t he  GPS s a t e l l i t e  
antenna coverage i s  designed t o  p rov ide  maximum rad ia ted  power a t  the  e d y  
o f  t he  edrth.  Since the  O r b i t e r  i s  some 200 mi les  above the  edge of  t h?  
earth,  there i s  a r educ t i on  i n  EIRP. The GPS s a t e l l i t e  antenna p a t t e r n  
f o r  FSV $1 has a g a i n  s lope o f  approximately 0.5 dB/degree. From Figure 2, 
the angle seen by the  GPS sa te l  1 i t e  antenna i s  0.72 degree f o r  the 200-mile 
S h u t t l e  o r b i t .  Thus, t he  EIRP l oss  i s  equal t o  0.5 dB/degree x ~ . 7 2  degree 
* 0.4 dB. 
P o l a r i z a t i o n  Loss 
The p o l a r i z a t i o n  l oss  occurs because the  GP' antenna and t he  
O r b i t e r  GPS antenna a re  no t  p e r f e c t l y  c i r cu l a r -po la r i zed ,  GPS s a t e l l i t e  
antenna t e s t  data i nd i ca tes  an a x i a l  r a t i o  o f  approximately 1.2 dB a t  the 
edge o f  the ear th .  Assuming a S h u t t l e  antenna a x i a l  r a t i o  of 4 dB and 
r e f e r r i n g  t o  F igure 3, which g ives p o l a r i z a t i o n  l oss  between two e l l  i p -  
t i c a l l y  po la r i zed  antennas, the  l oss  i s  seen t o  be approximately 0.4 dB. 
Antenna Gain 
0 
The -4 dB ga in  i s  w i t h  respect  t o  p e r f e c t  RHCP and has been chosell 
by Rockwell t o  g i ve  the des i red angular coverage. I t  i s  based on breadboard 
antenna measurements and i s  sub jec t  t o  change. I t  should be noted t h a t  a 
decrease i n  o v e r a l l  ac tua l  antenna ga in  can t r a n s l a t e  i n t o  a decrease i n  
antenna coverage volume r a t h e r  than a decrease i n  1 i n k  margin. 
C i r c u i t  Loss 
--- 
The c i r c u i t  losses used f o r  the 1 i n k  budget c a l c u l a t i o n s  have b e e ~  
provided by Rockwell and a re  g iven i n  Table 14. Two types o f  losses a re  
g iven:  the l o s s  from the  antenna t c  the  p r e a m p l i f i e r  and t he  l oss  from 
the  preampl i f4er  t o  t he  rece ive r .  The l a t t e r  l o ss  inc ludes a 6 dB power 
s p l i t t i n g  l oss  f o r  adding a t h i r d - s t r i n g  rece ive r .  Even thouyh the base- 
l i n e  design i s  a two-s t r ing  system, i t  i s  cos t  e f f e c t i v e  t o  i n s t a l l  and 
O r b i t e r  
. 
*--, 01 ~ 
GPS S e m i x r  A x i s  
r 
= 26,650 KM 
-1'320 tan  e- Ae = tan  1 1 
Ae Y= .72 deg 
GPS SV 
,. 
Figure 2 .  D e r i v a t i o n  of O f f  A x i s  Pointing Error for Orbiter 
i n  20C Mile Orbit 
'l 
L 4 6 8 10 
E l  = Axial Ratio, dB 
Figure 3. Polarization Loss Between Two Elliptically Polarized Antennas 
Et = Axial 
6 R a t i o ,  dB 
connect the  necessary power s p l i t t e r s  f o r  a  t h r e e - s t r i n g  system. 
Upper Antenna 
Lower Antenna I (CV 102) 
Tab le  14. RF C i r c u i t  Loss 
Sys tein Noise - T 9 e r a t u r e  
The s i g n a l - t o - n o i s e  r a t i o  r e q u i r e d  f o r  a l l  GPS r e c e i v e r  process ing 
f u n c t i o n s  i s  p r o p o r t i o n a l  t o  C/kTe ( C / N O )  where C i s  the  a v a i l a b l e  s i g n a l  
power, k i s  Bol t n i a n n ' s  constant ,  and T, i s  the e f f e c t i v e  no i  se te i i iperature.  
Since t h e  S h u t t l e  GPS r e c e i v i n g  systeni i s  comprised o f  a  cascade o f  e l e -  
ments, i t  i s  necessary t o  d e r i v e  t h e  e f f e c t i v e  n o i s e  t,e~itpei-ature T f o r  e  
the  d e s i r e d  p o i n t  f o r  d e f i n i t i o n  o f  C/KT,. 
The S h u t t l e  GPS systeni i s  modeled i n  the b lock  diagrarn shown i n  
F igu re  4. As w i l l  he shown, i t  i s  inconsequent ia l  as t o  which p o i n t  i s  
p icked as a re fe rence  p o i n t  f o r  d e f i n i t i o n  u f  C/NO s ince  the  r 3 t i o  i s  con- 
s t a n t ,  i . e . ,  independent o f  t h e  p o i n t  i n  t h e  c i r c u i t .  A genera l i zed  model 
o f  a cascdded systelri i s  used t o  i l l u s t r a t e  t h i s  p o i n t .  Th is  rriodul i s  
shown in F i g u r e  5.  The e f f e c t i v e  no ise  te~i ipct.ature a t  the  inpu t  t o  the  
cascade. Te, i s  g iven by 
and t h e  i n p u t  s i g n a l  power i s  C .  Now, t o  f i n d  tlv sgster~r e t t w t i v c  no ise 
temperature a t  p o i n t  @ , ? e ' ,  w r  no te  t h n t  n o i s e  . t t  , frow t hc inpu t  




Figure 5 .  General Mode of System Noi se Temperature for 
Cascaded Elements 
i l a r l y .  t he  s ignal  power a t  @ i s  increased by G1 so t h a t  Sim 
and the  s igna l - to -no ise  r a t i o  i s  g iven by 
which, of course, i s  t he  same as t he  s igna l - to -no ise  r a t i o  a t  the  i n p u t  
t o  the cascade. The same reasoning can be appl i e d  t o  show t h a t  the 
s ignal - to-no ise r a t i o  a t  @ i s  a l s o  the same by m u l t i p l y i n g  both s igna l  
and no ise a t  @ by ga in  G3. The no ise  temperature a t  @ i s  g iven by 
7 
The general ized model o f  F igure  5 i s  now app l i ed  t o  the  Shu t t l e  
GPS system. Box 1 i s  taken as the antenna w i t h  temperature TA, box 2 i s  
t he  l o s s  between the  antenna and preamp, L1, box 3 i s  t he  preamp, box 4 
i s  the  1 oss between the preamp and the  rece iver ,  L2 , and box 5 i s the  
rece iver .  The equiva lent  no ise temperature of  an a c t i v e  element o f  no ise 
f i g u r e  NF and ga in  G i s  given by 
where To i s  the  reference temperature (290°K).  The noise temperature o f  
a passive element o f  l o s s  L and ga in  G = 1 j L  i s  g iven  by 
Thus the  equ iva len t  no ise temperature of the GPS system a t  t he  antenna 
terminal  ( T )  i s  g iven by 
The system noise temperature and the s ignal  power i n  the  1 i nk  
budgets which f o l  low a re  referenced t o  the GPS antenna terminals .  There- 
fore,  the system s igna l  power-to-noise dens i ty  r a t i o  i s  w r i t t e n  as 
The system equ iva len t  no ise  temperatures f o r  t he  GPS system have 
been ca l cu l a ted  fo r  t he  var ious antenna and l oss  combinations us ing t he  
parameters 
NFpk = 3.0 dB 
GPA = 37 dB 
NFRpA = 13 dB 
Ll ,LZ = values 
Table 15 presents a summary 
atures,  both i n  degrees k e l v i n  and 
g iven  i n  Table 14. 
o f  t h e  system equ iva len t  no ise temper- 
i n  dB-OK. 
Tab1 e 15. Summary o f  E f f e c t i v e  System Noise Temperature 
( a t  antenna te rmina ls )  
I 1 E f f e c t i v e  Tem~era tu re  ( inc ludes  antenna1 
Antenna 
I t  should be noted t h a t  OV102 lower antenna c i r c u i t  no ise  i s  h igher  than 
the  o ther  two cases shown i n  Table 15 due t o  the d i p l e x e r  l oss  as a ~ . e r u l t  
o f  shar ing t he  antenna feed cable  w i t h  t he  S-band antenna. 
temperature = 125OK) 




Pequi red  C/N, and Implementation Loss 
The requ i red  C/NO f o r  rang ing i s  based on a range measurement 




requirement i s  relaxed because L2 i s  needed on14 f o r  ionospheric correc- 
t i o n  and i t s  measurement i s  e f f e c t i v e l y  averaged over several samples 
i n  the cor rec t ion  process. The der iva t ion  o f  . .e 29.6/27.5 dB, as wel l  
as the 2 dB implementation loss, i s  documented i n  [I]. I n  addi t ion,  
the c a r r i e r  t rack ing  requirement o f  28 dB i s  based on an al lowable RMS 
phase j i t t e r  of 15'. and the data detect ion requirement o f  26.6 dB i s  
based on a l om5  BER f o r  the 50 bps data. These parameters are a lso  
documented i n  [I]. 
3.0 SHUTTLE GPS PREAMPLIFIFR DESIGN 
The S h u t t l e  GPS system requ i r es  an RF preampl i f i e r  mounted c l ose  
t o  each antenna t o  c o n t r o l  t h e  o v e r a l l  system noise f i g u r e .  Th is  i s  due 
t o  t h e  f a c t  t h a t  t he re  i s  a  l ong  l eng th  o f  f e e d l i n e  between each antenna 
and t h e  GPS rece i ve r  processor assembly (RPA), i n  a d d i t i o n  t o  o the r  l o s s  
elements sucb as RF switches. An equ iva len t  b lock  diagram o f  t h i s  system 
i s  given i n  F igure  6. The equ i va l en t  no ise  temperature o f  t h e  system, 
referenced t o  t h e  i n p u t  o f  t h e  RPA i s  g iven  by  
Thus, i t  i s  obvious t h a t  i n  a d d i t i o n  t o  m in im iz ing  t h e  antenna feed l o s s  
i t  i s  most impor tant  t o  minimize the  preamp no ise  f i gu re ,  NFpA, w h i l e  a t  
t h e  same t ime maximizing t h e  g a i n  so as t o  minimize t h e  no ise c o n t r i b u t i o n s  
o f  l o ss  L2 and t he  RPA f r o n t  end. 
Preamp1 i f i e r  I n c l  udes 
Gain, G ~ A  Lumped 
Noise Figure,  Elements Noise 
N F ~ ~  ( e  .g . , Switches) Figure,  F2 
Figure 6. Model o f  GPS Receiv ing System f o r  Ca l cu l a t i on  o f  
Equiva lent  t4oi se Temperature 
A recommended candidate S h u t t l e  GPS preampl if i e r  design i s  skown 
i n  b lock diagram form i n  F igure 7. Each o f  the  elements i n  F igure 7 w i l l  
be discussed f o r  the purpose o f  eva lua t i ng  t he  f e a s i b l e  performance f o r  
t h i s  GPS preampl i f i e r .  An a1 t e rna te  preampl i f i e r  con f i gu ra t i on  i s  shown 
i n  F igure 8. Th i s  con f i gu ra t i on  f u n c t i o n a l l y  performs the  same; however, 
i t  does no t  o f f e r  the  redundancy advantage t h a t  the  con f i gu ra t i on  o f  
F igure 7 o f f e r s .  The advantage o f  F igure 8 i s  t h a t  i t  e l im ina tes  one 
Feed 
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Amp1 i f i e r  DC On/Off Must Be 
Coordinated w i th  Switch Pos i t ion  
Figure 7. Recomnended Redundant Preamp1 i f i e r  Configurat ion 
Fil t e r  _.c_ 
Broadband 
Low Noise 
Ampl i f i e r  
Figure 8. Recomnended Nonredundant Preampl i f ier  Conf igurat ion 
ampl i f i e r ,  the  switch, and t h e  summer. The major disadvantage o f  the  
F igure 8 p reamp l i f i e r  con f igura t ion  i s  the  l ack  of  redundancy. I f  the 
a m p l i f i e r  f a i l s ,  the  antenna t o  which the  p reamp l i f i e r  i s  connected i s  
no longer  useable f o r  t he  Shu t t l e  GPS nav iga t ion  system. O f  course, i n  
the  case o f  t h e  redundant p reamp l i f i e r ,  i f  the  antenna i t s e l f  f a i l s ,  the 
preampl i f i e r  redundancy i s  o f  no use i n  p rov id i ng  the  s igna l  recept ion.  
One argument, however, i n  favor o f  t he  redundant preampl i f  i e r  con f igura t ion  
i s  t h a t  the  MTBF o f  the  antenna i s  several  orders o f  magnl tude g rea te r  
than an a c t i v e  e l e c t r o n i c  c i r c u i t .  Th is  i s  the  reason why communication 
s a t e l l i t e s ,  and most s c i e n t i f i c  spacecraft ,  almost always use redundant 
transponders (and preampl i f i e r s ,  when preampl i f i e r s  a re  used), even when 
t he re  i s  a  s i n g l e  antenna. 
Yet another p reamp l i f i e r  con f i gu ra t i on  i s  shown i n  F igure 9. Th is  
i s  t h e  con f igura t ion  used i n  the Phase 1 GPS developmental rece ivers .  It 
o f f e r s  t he  advantage o f  dual redundancy w i thou t  having t o  u t i l i z e  a switch. 
The redundancy gained i s  no t  as powerful as the redundancy provided by the 
F igure 7 con f igura t ion ,  s ince  i n  the  case o f  F igure 9 one p reamp l i f i e r  
channel i s  dedicated t o  the  L1 frequency and t he  o the r  channel i s  dedicated 
t o  the  L2 frequency. Thus, a  f a i l u r e  of one channel would cons t ra in  opera- 
t i o n  ( w i t h  the  associated antenna) t o  the  unafRected frequency. A f u r t he r  
drawback t o  t h i s  con f i gu ra t i on  i s  t h a t  the  d i p l exe r  used t o  separate the 
L l /L2  channels adds s i g n i f i c a n t l y  t o  the  cos t  and s i z e  of the  p reamp l i f i e r .  
The broadband ampl i f i e r  shown i n  F igure 7 i s  the one element which 
most s t r ong l y  determines the performance of t h e  preampl i f i e r .  It i s  des i r -  
ab le  f o r  t h i s  a m p l i f i e r  t o  have as low a noise f i gu re  as poss ib le ,  along 
w i t h  h i gh  gain, but  cons is ten t  w i t h  reasonable cost .  I n  order  t o  determine 
reasonable performance spec i f i ca t i on  requirements f o r  the  Shu t t l e  GPS pre- 
a m p l i f i e r ,  a  survey has been taken o f  some o f  the o f f - t he -she l f  comnercial 
low noise GaAs, FET, and b i - p o l a r  amp l i f i e r s .  A summary o f  a m p l i f i e r  
c h a r a c t e r i s t i c s  f o r  ampl i f i e r s  cover ing a wide frequency range i s  g iven 
i n  Table 16. The c i r c l e d  l i n e  represents the a m p l i f i e r  mo;t c l ose l y  s a t i s -  
f y ing  t he  Shu t t l e  GPS requirements. The two parameters of g rea tes t  s i g n i -  
f icance a re  the no ise f i g u r e  o f  2.5 dB and the 38 dB gain.  It must be 
stressed t h a t  these values are the minimum values over the frequency range 
o f  t h e  a m p l i f i e r .  Typ ica l  v a r i a t i o n  w i t h  frequency i s  i l l u s t r a t e d  i n  
Figure 10. The p reamp l i f i e r  performance i s  no t  e n t i r e l y  determined by 
Table 16. Typical  Broadband Bi-Polar and GaAs FET Low Noise Amp1 i f i e r s  
Narrowband 
Low Noise 
Ampl i f i e r  
L 1 I 
Dip lexer  
Narrowband 
L2 Low No i se 
Ampl i f  i e r  
D i  p l  exer 
( o r  Hybr id)  
F igure  9. Preampl i f i e r  Conf igurat ion used f o r  Phase I GPS Receivers 
Figure 10. Typical  Low Noise Ampl i f i e r  Gain and Noise 
Figure  V a r i a t i o n  w i th  Frequency 
the low noise amp f i e r  performance due t o  the add i t iona l  elements. The 
e f f e c t  o f  these elements i s  now discussed. 
The purpose o f  the EM1 f i l t e r  i s  t o  prevent strong unwanted s ignals f 
t h a t  a re  outs ide the GPS frequency bands from satura t ing  the preampl i f i e r .  
The simplest form of f i l t e r  i s  the  bandpass f i l t e r  t h a t  passes both L' 
and L2 frequencies, as shown i n  Figure I l a .  The disadvantage of t h i s  
f i l t e r  i s  t h a t  i n t e r f e r i n g  s ignals t h a t  f a l l  i n  the 300 MHz spectra l  
region between L1 and L2 can p o t e n t i a l l y  saturate the preampl i f ie r .  To 
e l im ina te  t h i s  problem, the f i l t e r  would need t o  be a double tuned f i i t e r ,  
peaked a t  the L1 and L 2  frequency of 1575 MHz and 1227 MHz, respect ively,  
as stlown i n  Figure I l b .  The i nse r t i on  loss fo r  t h i s  f i l t e r  w i l l  be some- 
what greater than t h a t  f o r  the bandpass f i l t e r  case. 
Since the f i l t e r  pre:edes the low noise ampl i f ie r ,  as does the 
switch, i nse r t i on  loss  from these sources d i r e c t l y  cagra4es the preampl i - 
f i e r  ove ra l l  noise f igure. Thus, a t radeo f f  e x i s t s  between fi it e r  selec- 
t i v i t y ,  which i s  obtained by adding more sect ions and thus increasing the 
i n s e r t i o n  loss, and ove ra l l  p reampl i f ie r  noise f igure .  T lc  s e l e c t i v i t y  
o f  the bandpass f i l t e r  as a funct ion o f  the number o f  sect ions i s  i l l u -  
s t ra ted  i n  Figure 12, and the i nse r t i on  loss o f  the f i l t e r  as a funct ion 
o f  the  number of sections i s  given by 
I L  = I nse r t i on  Loss = (Loss Constant) (Number of Sections + 1/21 + 0.2 Percent 3 dB BW 
Thus, f o r  a three-sect ion f i l t e r ,  a reasonable compromise tha t  has a 3 dB 
bandwidth of 400 MHz (centered on 1575 - 1227 2 -- + 1227 = 1400 MHz), the inser-  
t i o n  loss i s  found t o  be given by 
= 0.35 dB. 
From Figure 12, i t  i s  seen tha t  the f i l t e r  response i s  down 20 dB a t  f re -  
quencies o f  680 MHz and 2120 MHz. Since t h i s  r o l l - o f f  i s  probably slower 
than the a m p l i f i e r  r o l l - o f f ,  a four-sect ion f i l t e r  i s  chosen. This gives 
an i nse r t i on  loss o f  0.39 dB, and a response 20 dB down a t  appraximate l ,~ 
880 MHz and 1920 MHz. 
L 2 L 1 
1227 MHz 1575 MHz 
a. Bandpass F i l t e r  Shape w i t h  No EtlI 
Between L1 and L2 
b .  Bandpass F i l t e r  Shape w i t h  Ell1 Threat  
Between L1 and LZ 
F igu re  11. GPS Preamp1 i f i e -  Bandpass F i  1 t e r  Shapes 
Frequency (IJumber o f  3 dB Bandwidths) 
Figure 12. Bandpass F i  1 t e r  At tenuat ion Charac te r is t ics  
The RF swi tch shown i n   fir:^ 7 i s  implemented as d magnetic 
l a t c h i n g  switch. Th is  means t h a t  t , swi tch  i s  normal ly  deenergized 
and i n  one o f  the  two s t a b l e  pos i t ions .  To switch, a  sho r t  pu lse i s  
app l i ed  t o  t he  appropr ia te  sw i tch ing  c o i l .  Th is  pu lse i s  t y p i c a l l y  
approximately 15 mi l l i seconds  i n  du ra t i on  and about 2 watts.  The o u t l i n e  
drawing f o r  a  t y p i c a l  low-loss coax ia l  sw i tch  i s  shown i n  F igure 13. The 
s i g n i f i c a n t  performance parameter f o r  t he  sw i tch  i s  the i n s e r t i o n  l oss  
o f  0.2 dB. 
CONNKTff  TYPE \ 11601A 
SMA FEMALE MTG  OLE 
3 PLACES 
1 
F igure 13. Ou t l i ne  Drawing f o r  Typica l  Low Loss 
Coaxial Microwave Switch 
means t h a t  the  unused amp1 i f i e r  must be turned o f f  (DC power turned 
t o  avo id a 3 dB degradat ion i n  p reamp l i f i e r  no ise f i gu re .  To avoid 
The s igna l  summer shown f o l l o w i n g  the  broadband ampl i f i e rs  i n  
Figure 7 i s  a  3 dB hyb r i d  power summer. Use of a  summer f o r  t h i s  element 
o f f )  
t u r n i n g  
3 dB o f f  the  unused amp 
hybr id.  




l i f i e r ,  another swi tch can be subs t i t u ted  f o r  the  
1 no ise temperature o f  t he  preamp1 i f i e r ,  consider 
above, i s  g iven by 
i n g  the 
where L, = combined l oss  o f  i n p u t  se lec t i on  swi tch and i npu t  f i l t e r  
NF = no ise f i g u r e  o f  low noise amp1 i f i e r  
G = ga in  o f  low noise a m p l i f i e r  
L2 = loss  o f  output  swi tch o r  3  dB h y b r i d .  
The e f f e c t i v e  no ise f i g u r e  o f  t h e  p r e a m p l i f i e r  i s  g i ven  by 
From the  survey o f  ava i  lab1 e comnercial components, t h e  f o l l o w i n g  param- 
e t e r  values a re  appropr ia te :  
NF = 2.4 dB 
G = 38 dB 
L1 = 0.2t0.4 dB = 0.6 dB 
L2 = 0.2 dB (sw i tch )  = 3.2 dB (hyb r i d )  . 
Thus, t h e  o v e r a l l  no ise  f i g u r e  f o r  t he  preamp1 i f i e r  i s  found t o  be 3 dB. 
It should be noted t h a t  t he  cho ice o f  e i t h e r  t he  sw i tch  o r  t h e  h y b r i d  f o r  
t he  ou tpu t  se l ec t i on  a f f e c t s  the  o v e r a l l  no ise f i g u r e  so i n s i g n i f i c a n t l y  
t h a t  i t  i s  no t  a f a c t o r  i n  t h e  p r e a m p l i f i e r  design c o n f i g u r a t i o n  dec is ion  
nor  i n  t he  o v e r a l l  system performance. 
Since the  p r e a m p l i f i e r  no ise  f i g u r e  i s  so c r i t i c a l  t o  system per-  
formance, techniques f o r  t e s t i n g  t h i s  parameter a re  discussed here. 
Using a t e s t  set-up such as shown i n  F igure 14, t h e  r e c e i v e r  i s  
ad justed t o  t he  des i red  NF measurement frequency. The no ise  f i g u r e  meter 
i n p u t  s e l e c t o r  i s  se t  t o  the  r ece i ve r  I F  ou tpu t  frequency. 
The va r i ab l e  a t t enua to r  i s  used t o  op t im ize  the i n p u t  l e v e l  t o  
t he  NF meter. 
Precaut ions should be taken when us ing  a gas tube no i se  source t o  
assure t h a t  l a r g e  vo l tage  "spikes" w i l l  n o t  be app l i ed  t o  the  a m p l i f i e r  
i npu t ,  w i t h  r e s u l t a n t  damage o r  erroneous r e s u l t s .  Also, where necessary, 
the no ise  f i g u r e  reading obtained should be cor rec ted  f o r  no ise  source 
var iances (from nominal s p e c i f i e d  excess no ise r a t i o )  and f o r  second stage 
( r ece i ve r  o r  pos t  a m p l i f i e r )  con t r i bu t i ons .  When such precaut ions and 
co r rec t i ons  a re  adhered to ,  good c o r r e l a t i o n  i s  obta ined between var ious 









































































































































Since t he  method o f  s e l e c t i n g  between redundant preampl i f i e r s  i s  
an electromechanical switch, as shown i n  F igure 7, i t  i s  o f  i n t e r e s t  t o  
consider a1 t e rna te  methods o f  s e l e c t i n g  t he  preampl if i e r .  One such a1 t e r -  
nate, which a t  f i r s t  appears a t t r a c t i v e ,  i s  a  3 dB h y b r i d  power s p l i t t e r .  
The analys is  which f o l l ows  shows t h a t  t h i s  can lead t o  a  3 dB s i gna l - t o -  
no ise degradat ion and i s  thus n o t  a  s a t i s f a c t o r y  choice. Furthermore, 
an ana lys is  i s  presented which shows t h a t  a  sw i tch  r a t h e r  than a  h y b r i d  
should be used a t  t he  rece i ve r  t o  s e l e c t  between t he  upper and lower 
antennas. 
The s implest  way t o  p rov ide  dual redundancy f o r  the  preampl i f i e r s  
i s  t o  p a r a l l e l  them by us ing 3 dB hyb r i d  power sp l  i tters/surmers,  as shown 
i n  F igure 15. The equ iva len t  no ise model i s  shown i n  F igure 16. The ampl i -  
tude o f  t he  ou tpu t  ( i n p u t  t o  i d e a l  sumner) o f  t he  upper arm i s  given by 
and t he  output  o f  t he  lower arm i s  
so t h a t  the  ou tpu t  o f  the summer i s  g iven by 
n1 ( t )  + " ( t )  
2 I 






















































































































































































































































































































































so t h a t  the ou tpu t  s ignal - to-no ise r a t i o  i s  S/N= p/02,  which i s  the  same 
s ignal - to-no ise r a t i o  found a t  t he  ou tpu t  o f  the  s i n g l e  p reampl i f i e r  w i thou t  
the  power s p l i t t e r .  Thus, t he re  i s  no l o s s  i n  SNR i n  p a r a l l e l l i n g  Wo  
preamp1 i f i e r s  w i t h  hyb r i d  power sp l  i tters/sumners. However, t h i s  i s  no t  
t he  case i f  one o f  the  p reamp l i f i e r s  f a i l s .  In t h i s  case, the ou tpu t  o f  
t he  upper a m  i s  s t i l l  
b u t  the  output  o f  the  lower  arm i s  zero, by s e t t i n g  the  ga in  g =  0. Thus, 
the  ou tpu t  of t he  sumner i s  
and the  s igna l  power i s  
and the no ise power i s  g iven  by  
2 so t h a t  the output  s igna l - to -no ise  r a t i o  i s  S/N=P/Za . Thus, if one o f  
the  p a r a l l e l  p reamp l i f i e r s  f a i l s ,  the re  i s  a  3 dB loss  i n  SNR due t o  the  
3 dB s ignal  loss  i n  t he  i npu t  power s p l i t t e r .  Th is  loss  i s  avoided by 
rep lac ing  t h a t  s p l i t t e r  w i t h  a SPDT switch. 
The s igna l  - to-no i  se r a t i o  t h a t  r e s u l t s  f rom feeding one rece i ve r  
from two antenna/preampl i f i e r s  v i a  a  hyb r i d  summer can be found by 
rearranging t he  model i n  F igure 16 i n t o  the  model shown i n  F igure 17. 
There i s  no s ignal  i n  the  lower arm s ince on l y  one antenna a t  a  t ime 
p icks  up the des i red GPS s igna l .  The output  o f  the upper arm i s  
and the output  o f  the  lower arm i s  

so t h a t  t h e  summer output i s  
The output  s i g n a l - t o - n o i s e  r a t i o  i s  
Thus, there  i s  a  3 dB loss i n  s ignal - to-noise  r a t i o  i f  a  hybr id  summer 
i s  used t o  sum the  upper and lower m t e n n a  inputs a t  the  RPA. For t h i s  
reason, a  switch must be dsed f o r  the  antenna management funct ion.  
4.0 SHUTTLE GPS RECEIVER ARCHITECTURE 
There a r e  two bas ic  GPS r e c e i v e r  a r ch i t ec tu res  t h a t  have been 
considered f o r  the  S h u t t l e  GPS rece ive r .  They a re  t h e  p a r a l l e l  channel 
r ece i ve r  and the  sequent ia l  r ece i ve r .  Examples o f  t h e  pare1 1  e l  channel 
r ece i ve r  a re  t he  X s e t  and t h e  C o l l i n ' s  GDM set .  A f unc t i ona l  b lock  d i a -  
gram o f  t he  X se t  f s  shown i n  F igure  18. Examples o f  sequent ia l  rece ive rs  
a re  t he  mnpack rece i ve r  and t h e  GPSPAC rece ive r ,  A f unc t i ona l  b lock d i a -  
gram of  t he  GPSPAC i s  shown i n  F igure  19. 
The major gener ic d i f f e r e n c e  between t he  para1 l e l  channel r ece i ve r  
and t he  sequent ia l  r ece i ve r  i s  a  s imple one. The sequent ia l  r ece i ve r  
t ime mu l t i p l exes  one channel among f o u r  o r  more s a t e l l i t e  s i gna l s  i n  a  
s e r i a l  manner. I n  t h e  para1 l e l  channel rece ive r ,  f o u r  ors more p a r a l l e l  
hardware channel s  simul taneously process the  sate? 1  i t e  s igna l  s  . Somewhat 
b e t t e r  performance and p l a t f o rm  dynamics c a p a b i l i t y  a re  t he  advantages 
gained by the  p a r a l l e l  channel se t .  However, t h i s  i s  a t  the  expense of 
almost f o u r  t imes the  hardware complex i ty  o f  the  sequent ia l  rece ive r .  
Th is  t r ans l a tes  i n t o  g rea te r  v o l m e ,  weight, power c o n s u ~ p t i o n  and cos t  
f o r  t he  p a r a l l e l  channel set .  Of  g rea t  s i g n i f i c a ~ c e  i n  t he  dec is ion  pro- 
cess f o r  choosing t h e  base1 ;ne S h u t t l e  GPS r e c e i v e r  i s  t h a t  no e x i s t i n g  
p a r a l l e l  r ece i ve r  would f i t  w i t h i n  t he  volume cons t ra i n t s  o f  t he  av ion ics  
equipment bay. 
On the o ther  hand, the  s i z e  of t he  ex 's t ing  sequent ia l  rece ive rs  
was found t o  be compat ib le w i t h  t he  S h u t t l e  volume cons t ra i n t s .  Fur ther -  
more, ana lys is  has shown t h a t  t he  nav iga t ion  performance o f  the  sequent ia l  
r ece i ve r  meets the  requirements o f  a  Shu t t l e  GPS nav iga t ion  system. Anal- 
y s i s  has a l s o  shown t h a t  t he  sequent ia l  r ece i ve r  w i l l  t r a c k  t he  S h u t t l e  
s igna l  dynamics. Consequently, a  sequent ia l  r ece i ve r  a r c h i t e c t u r e  has 
been chosen f o r  t he  base1 i n e  S h u t t l e  GPS rece ive r .  A second channel f o r  
the  sequent ia l  r ece i ve r  i s  recommended t o  prov ide f as te r  a c q u i s i t i o n  ( t ime  
t o  f i r s t  f i x )  and a  measure o f  redundancy. 
I t  should be noted t h a t  t h i s  cho ice should no t  r u l e  ou t  considera- 
t i o n  of fu tu re  p a r a l l e l  channel rece ive rs  t h a t  take advantage of technology 
t o  meet the  s t r i c t  volume cons t ra i n t s  of the  Shu t t l e .  
The remainder of t h i s  sec t i on  presents a  d iscuss ion of some o f  the 
more d e t a i l e d  t r ade -o f f s  t h a t  can be made w i t h i n  the  sequent ia l  r ece i ve r  


















































































r ece i ve r  concept i s  presented. 
A simp1 i f i e d  func t iona l  b lock  diagram o f  a  single-channel 
sequent ia l  r ece i ve r  i s  shown i n  F igure  20. The s a l i e n t  f ea tu re  o f  t h i s  
type o f  rece ive r  i s  a  s i n g l e  RF/IF cha in  t h a t  i s  t ime-mul t ip lexed among 
s a t e l l i t e  measurements. Time-mu1 t i p l e x i n g  i s  a l s o  u t i l i z e d  f o r  t r a c k i n g  
loops, and the  o ther  baseband funct ions such as data detect ion,  acqu i s i -  
t i o n  and synchron izat ion de tec t ion ,  e tc .  A t y p i c a l  sequence o f  operat ions 
for  t h i s  type of r ece i ve r  i s  shown i n  F igure 21. The basic t ime element 
of t h i s  approach i s  the  frame which i s  d i v i ded  i n t o  s a t e l l i t e  s l o t s .  
Each s a t e l l i t e  s l o t  i s  d i v i ded  i n t o  an L1 and an L2 s l o t  and these s l o t s  
a re  d iv ided  i n t o  the  r ece i ve r  process i n t e r v a l s .  Typ ica l  l y ,  two seconds 
are s u f f i c i e n t  f o r  an L1 PI L2 s l o t  so t ha t ,  for  processing f ou r  s a t e l l i t e  
s igna ls ,  a  16-second frame i s  requ i red .  I f  two p a r a l l e l  r ece i ve r  channels 
a re  used so t h a t  an L1 and L2 can be processed simultaneously,  t he  frame 
t ime can be halved, i .e., an 8-second frame. However, it has been shown 
t h a t  a  shor te r  frame t ime does n o t  prov ide any b e n e f i c i a l  nav iga t ion  
performance f o r  the Shu t t l e  GPS system. A p a r a l l e l  L2 channel would 





d  be noted, however, t h a t  p a r a l l e l  channels i n  t he  sequent ia l  
ver may be des i rab le  from the  redundancy and i n i t i a l  a c q u i s i t i o n  
( t ime  t o  f i r s t  f i x )  v iewpoint .  
The f i r s t  rece iver -process ing i n t e r v a l  i s  used t o  search and 
r e  the P code. Th is  invo lves  p repos i t i on ing ,  o r  slewing, the  coder 
t o  the  p red ic ted  code phase f o r  t h e  p a r t i c u l a r  s a t e l l  i t e  t o  be acquired. 
Th is  phase i n f o m a t i o n  i s  ca l cu l a ted  and s tored by the  rece i ve r  processor 
(microcomputer) f o r  each sate1 1 i t e  on a frame - to- f rame basis.  Once the  
coder i s  slewed t o  the  proper phase, i t  goes i n t o  a  l i m i t e d  automatic 
search mode wherein i t  searches o u t  the  few code ch ips of unce r t a i n t y  
(see Sect ion 6.0 f o r  code a c q u i s i t i o n  d iscuss ion) .  A t  t h i s  same time, 
the rece ive r  AFC i s  enabled. As the  c o r r e c t  code phzse i s  reached, t he  
code search stops and the  s igna l - to -no ise  r a t i o  increases due t o  co r re l a -  
t i o n  so t h a t  the  AFC loop s t a r t s  t o  p u l l  the r ece i ve r  VCO t o  t he  c o r r e c t  
frequency . 
I t ?  the second rece iver -process ing s l o t ,  the  code loop  i s  enabled 
and s t a r t s  t o  p u l l  i n t o  phase lock ,  thereby decreasing t he  c o r r e l a t i o n  
e r r o r  t o  a  small f r a c t i o n  of a ch ip .  The AFC p u l l  s  i n  the  frequency more 
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Dur ing the t h i r d  rece iver -process ing s l o t ,  t h e  Costas l oop  i s  
enabled and s t a r t s  t o  p u l l  i n .  I n  add i t i on ,  t he  code loop  i s  d isab led  
since, by t h i s  time, the  loop has p u l l e d  the  code phase e r r o r  i n t o  an 
acceptable e r r o r .  Since the  PN code i s  coherent w i t h  t he  c a r r i e r ,  the  
Costas loop  VCO can be scaled by t he  frequency r a t i o  (1575.42/10.23) and 
used as a  c l ock  source t o  d r i v e  t he  coder. 
F i n a l l y ,  i n  t h e  f o u r t h  s l o t ,  w i t h  t he  Costas loop  t r a c k i n g  i n  
steady s ta te ,  t he  pseudo range and d e l t a  range (range r a t e  from c a r r i e r  
times i n t e r v a l  ) measurements a re  made. 
The sequent ia l  r ece i ve r  process i s  h i g h l y  dependent on micropro- 
cessor con t ro l .  F igure  22 i l l u s t r a t e s  the  i n t e r f a c e s  between the  
rece i ve r  microprocessor and t h e  o the r  r e c e i v e r  func t ions .  I n  t h i s  par-  
t i c u l a r  a r c h i t e c t u r a l  scheme, the  c a r r i e r - t r a c k i n g  f u n c t i o n  i s  imp1 i c i  t 
i n  t he  synthes izer  wherein the  phase and frequency of  an appropr ia te  
l o c a l  o s c i l l a t o r  (LO) i s  ad justed by the  r a t e  mu l t i p l i e r / i n c remen ta l  
phase modulator (RM/IPM). The RM/IPM i s ,  i n  tu rn ,  c o n t r o l l e d  by t he  
Costas loop  e r r o r  s igna l  developed i n  t h e  microprocessor, A l l  t he  
t r a c k i n g  e r r o r  s i gna l s  a re  developed i n  the  microprocessor by appropr ia te  
processing o f  the I and Q s igna ls .  The I and Q s igna ls  a re  a t  baseband 
and t he  A-to-D conver te r  t h a t  conver ts  these s i gna l s  t o  d i g i t a l  words i s  
the  major i n t e r f a c e  between t he  analog and d i g i t a l  p o r t i o n  o f  the  rece ive r .  
I t  should be po in ted  o u t  t h a t  i t  may no t  be p r a c t i c a l  t o  implement the  
RM/IPM func t i on  d i g i t a l l y  f o r  the  Shu t t l e  GPS r ece i ve r  due t o  t h e  h i gh  
doppler o f f se t s .  An analog VCO might  be needed. Whether a  d i g i t a l  VCO 
o r  analog VCO i s  zscd, the  loop  f i l t e r i n g  and e r r o r  c o n t r o l  a re  v i a  the 
microprocessor. 
The RF/IF frequency scheme has p a r t i c u l a r l y  s t rong  impact on over- 
a1 1 r ece i ve r  a r c h i t e c t u r e  due t o  t he  impact on synthes izer  complexi ty.  
The general issue i s  whether s i n g l e  conversion, double conversion o r  even 
t r i p l e  conversion from RF t o  I F  t o  baseband should be used. From an over-  
a! 1 r ece i ve r  complexi ty cons iderat  ion, s ing1 e conversion prov ides the  
l e a s t  complex rece ive r .  On the o the r  hand, t h i s  type o f  r ece i ve r  presents 
the  g rea tes t  design r i s k  due t o  the  l a r g e  ga in  requ i red  a t  a  s i n g l e  f r e -  
quency. I n  the discussions of  frequency conversion trade-of fs t h a t  f o l -  
low, t r a n s l a t i o n  t o  baseband (I and Q channels) v i a  coherent LO i s  no t  
t rea ted  as a frequency conversion i n  the t r a d i t i o n a l  sense but ,  r a t he r ,  

as p a r t  o f  the  t r a d i t i o n a l  demodulation process. 
The frequency conversion p l an  f o r  a  s ing le-convers ion GPS rece i ve r  
t h a t  i s  designed t o  minimize volume and cos t  i s  shown i n  F igure  23. Both 
the  f i r s t  LO and the  coherent reference f o r  t r a n s l a t i o n  t o  I and Q a re  
der i ved  f rom the  same VCO which i s  p a r t  o f  the c a r r i e r  t r a c k i n g  loop. 
Th is  r e c e i v e r  a r ch i t ec tu re  i s  s imple and s t r a i gh t f o rwa rd  and has a  s im i -  
l a r l y  s imple frequency synthesizer;  however, t h i s  r ece i ve r  r equ i r es  
approximately 120 dB t o  140 dB ga in  a t  the  s i n g l e  I F  frequency o f  
71.61 MHz. Th is  much ga in  a t  a s i n g l e  I F  frequency i s  counter  t o  t r a -  
d i  t i o n a l  r ece i ve r  design p rac t i ces .  Carefu l  eva lua t i on  o f  t he  d e t a i l e d  
r ece i ve r  design i s  r equ i r ed  t o  assess the  design r i s k .  
A t  the oppos i te  extreme o f  r ece i ve r  design i s  t h e  t r i p l e - conve rs i on  
approach t o  GPS r ece i ve r  design, as shown i n  F igure 24. Th is  frequency 
p l an  d i s t r i b u t e s  the ga in  a t  t h ree  I F  f requencies;  i t  uses t h ree  l o c a l  
o s c i l l a t o r s  i n  a d d i t i o n  t o  the coherent t r a n s l a t i o n  t o  I and Q baseband 
channels. This r e c e i v e r  a r c h i t e c t u r e  has been used i n  t he  manpack and 
GPSPAC rece ive rs  w i t h  good performance r e s u l t s .  As might  be expected, 
however, i t  r e s u l t s  i n  a  complex frequency synthes izer .  
A p o t e n t i a l  compromise between the  s i ng le -  and tri ple-conversion 
GPS rece i ve r  a r ch i t ec tu res  i s  t h e  double-conversion rece ive r ,  as shown 
i n  F igure 25. The rece i ve r  design i s  o f  moderate complex i ty  and o f f e r s  
the  advantage o f  d i s t r i b u t i n g  r e c e i v e r  g a i n  a t  two I F  frequencies. A  
poss ib le  frequency synthes izer  p lan  f o r  t h i s  r ece i ve r  i s  shown i n  
F igure 26. The plans i n  F igures 25 and 26 a re  presented as p o s s i b i l i t i e s ,  
De ta i led  s tud ies o f  p o t e n t i a l  spurs and imsge frequency problems a re  
necessary before an ac tua l  design of t he  doubl e-conversion rece i ve r  
can be recommended. 
As a  r e s u l t  o f  the  i n v e s t i g a t i o n  of the bas ic  t rade-o f f s  amor,,l 
s ing1 e-, double-, and tri p l  e - conve rs im  rece i ve r  a r ch i t ec tu res  , i t  appears 
t h a t  double-conversion represents a  good choice. This,  o f  course, must 
be weighed against  any e x i s t i n g  r ece i ve r  designs which have proved suc- 
cess fu l  and which a re  presented f o r  Shu t t l e  a p p l i c a t i o n  on a  compet i t ive  































































































































































































5.0 SHUTTLE GPS EMIIRFI ISSUES 
This  sec t i on  discusses t he  analyses o f  S h u t t l e  e m i t t e r  RF 
harmonics and intermods i n t e r f e r i n g  w i t h  GPS. It a l s o  examines the  
antenna i s o l a t i o n  requ i red  between the  TACAN antenna and GPS antenna 
t o  minimize degradat ion t o  t he  GPS nav iga t i on  system. The concl  usions 
o f  both analyses a re  t h a t  the re  i s  no in te r fe rence  problem. 
5.1 Eva lua t ion  of Intermodul a t i o n  I n te r f e rence  
Because t h e  S h u t t l e  has several  RF em i t t e r s  on board capable o f  
r a d i a t i n g  s imultaneously,  the re  i s  a  p o s s i b i l i t y  o f  intermods f a1  1  i n g  
w i t h i n  t he  GPS frequency bands. Furthermore, t he re  i s  a l s o  t he  p o s s i b i l -  
i t y  o f  harmonics of the  lower  frequency em i t t e r s  e i t h e r  f a l l i n g  on GPS 
o r  mix ing w i t h  o the r  em i t t e r s  and f a l l i n g  on GPS. Since t h i s  problem i s  
no t  amenable t o  s imple a n a l y t i c a l  techniques due t o  the  l a r g e  number o f  
poss ib le  frequency combinations, a  JSC computer program i s  used. Th is  
program, operated by A r t  Reubens, i s  shown i n  a  f unc t i ona l  diagram i n  
F igure 27. As can be seen, the  basic inpu ts  a re  t r a n s m i t t e r  cha rac te r i s -  
t i c s ,  r ece i ve r  c h a r a c t e r i s t i c s  and antenna cha rac te r i s i c s .  The program 
ca l cu l a tes  a l l  harmonics up t o  the f i f t h  harmonic and a l l  intermods up 
t o  the f i f t h  o rder .  A f t e r  c a l c u l a t i n g  the  antenna c o u p l i r ~ g  f a c t o r s  
involved, the program searcnes the intermods and harmonics f o r  ones t h a t  
f a l l  w i t h i n  the  spec i f i ed  bandwidth, i n  t h i s  case, 30 MHz centered about 
L1 and L2 GPS frequencies.  Furthermore, i t  o n l y  p r i n t s  those intermods 
t h a t  f a l l  above a  spec i f i ed  minimum power l e v e l  i n  t h i s  case of -130 dBm. 
A sample output  summary o f  the  program i s  g iven i n  Table 17. 
A m a j o r i t y  o f  the i n t e r f e rence  found can occur o n l y  a t  the  launch 
pad s ince the intermods a re  a  r e s u l t  o f  m ix ing  S h u t t l e  eniissions w i t h  
KSC C-Band and/or weather radars.  Axiomatix recommends t h a t  t h i s  form 
a f  i n t e r f e rence  no t  be taken i n t o  account i n  t h e  Shuttle/GPS design 
t rade-o f f s .  Th is  i s  because, should t h i s  i n t e r f e :  qce a c t u a l l y  e x i s t ,  
opera t iona l  procedures can be used which w i l l  enable a launch pad GPS 
nav iga t ion  f i x  t o  be obtained p r i o r  t o  launch. Furthermore, t h i s  i n t e r -  
ference i s  r e l a t i v e l y  i n s e n s i t i v e  t o  GPS antenna l oca t i ons .  For obvious 
reasons, those in te r fe rences  which a re  "no t  o p e r a t i o n a l l y  poss ib le "  have 
no t  been considered f u r t h e r .  The o n l y  in te r fe rences  of poss ib le  concern 
a re  those labe led  a s  " s i g n i f i c a n t  products."  Each of  these products,  

Table 1 '. Computer E v a l u a t i o n  o f  In te rmodu la t ion  I n t e r f e r e n c e ,  
Sample Output 
Source 
--- Frequency Harmonic Beat Frequeocy Power Level  
TACAN Channel 35X 
Return t o  Landing 
S i t e  t t Kennedy 1,059 MHz 2nd 
UHF 296.8 MHz 3 rd  
-- 
- --- 
1,227.6 MHz -144.5 dBm 
4 
GPS L2 1
a t o t a l  of 134, has been examined by Axiomatix. A l l  but  four of them 
are a r e s u l t  of mixlng a t  l e a s t  two Orb i te r  TACAN ernissiot,~ w i t h  anothe;. 
Orb i te r  emission, k i t h  each TACAN operat ing on a separate, spec i f i c  
channel. Thus Axioma ti x reconmends against consi d e r i  ng these i nte r fe r -  
ence sources i n  the  ShuttleIGPS design t rade-of fs  since i t  should be 
r e l a t i v e l y  easy t o  p lan an opera t io t~a l  "work-around" f o r  obta in ing a GPS 
navigat ion f i x  when two o r  more TACANs hapKen t o  be t ransmi t t ing  simul- 
taneously. The four cases which can be considered po ten t i a l  operat ional 
sources o f  in ter ference are  wnmarized i n  Table 'IS. I t  should he noted 
t h a t  those four  cases are a l l  w i t h  the same basic se t  o f  emi t ters,  the 
var iables being antenna locat ions.  Thus the frequency o f  the intermods 
sumnarized I n  Table 18 i s  constant, wh i le  th, amplitude var ies as a func- 
t i o n  of antenna geometry. The worst case i s  number 2, w i t h  the i n t e r -  
f e r i n g  i n t e n o d  having a power l e v e l  of -112 dBm. The e f f e c t  o f  t h i s  
intermod on the GPS signal processing i s  t o  r a i s e  the e f f e c t i v e  thermal 
noise l eve l .  Since the 10 megachip PN co r re la t i on  process sprf .,.s the 
intermod power i n t o  an e f f e c t l v e  noise bandwidth o f  10 Miz, the noise 
densi ty  o f  the "spread intermod" i s  then -112.9 - 10 l o g  (10 MHz) = 
-182.9 dBm1Hz. The natura l  thermal noise densi ty  o f  nominal l y  -171 dBrd 
Hz so t h a t  the i n t e r f e r i n g  noise i s  11.8 dB lower and e f f ~ c t i v e l y  adds 
about 0.3 dB t o  the ove ra l l  system noise. The L1 and L2 P code l i n k s  
can eas i l y  accomnodate t h i s  degradation. Furthermore, s i n e  the intermod 
analys ls i s  a worst-case analysis,  the actual in ter ference w i  11 probably 
not  be as strong. Since the intermod spectrum i s  wider (approximately 
5 MHz) than the 1 tvegachip C I A  code signal,  the power spectrum densi ty  
f o r  the C I A  interference case i s  -112.9 - 10 l o g  (5  Mtlz) = -179.9 dBmIHz 
which r e s u l t s  i n  approximately 0.6 dB degradation. The C/A 1 i nk  can sup- 
p o r t  t h i s  degradation but, more important ly,  since the radar a l t i m ~ t e r  i s  
uscd below 2500 f e e t  a1 t i tude,  the GPS receiver  w i l l  be operat ing w i t h  
the P l i n k s  i n  order t o  have navigat ion accuracies compatible w i t h  the 
low a l t f tudes .  
5.2 GPSITACAN Antenna Is01 a t i o n  Requirements 
5.2.1 Sumnary 
The required i s o l a t i o n  between the GPS antenna and the Shut t le  
TACAN antenna has been analyzed and found t o  be 28 dB. The analysis i s  

based on ex t rapo la t ing  the TACAN t ransmi t te r  output spectrum measurements 
made by JSC. 
5.2.2 Discussion 
The requirements f o r  GPS antenna i s o l a t i o n  from the Orb i te r  TACAN 
antennas has been analyzed i n  l i g h t  2f the in format ion contained i n  JSC 
repor t  EEG-12177-189, "TACAN Transmitter Pulse Character is t ics.  " This 
antenna i s o l a t i o n  i s  based on the des i re  t o  have the TACAN wideband modu- 
l a t i o n  sideband energy f a l l i n g  i n  the GPS RF bandwidth t o  cont r ibu te  less 
than 0.5 dB t a  the rece iver  ove ra l l  noise f igure .  Since the TACAN PRF i s  
r e l a t i v e l y  low (150 pps max) and the GPS p recor re la to r  RF bandwidth i s  
r e l a t i v e l y  wide (10 t o  20 MHz) and separated from the TACAN center f r e -  
quency by a t  l eas t  77 MHz, the TAtAN energy w i l l  appear as uncorrelated, 
wideband noise. 
The natura l  noise spectra l  densi ty  f o r  the Orb i te r  GPS receiver  
i s  approximately -171 dBm/Hz. Thus, i f  the spectral  densi ty  o f  the 
TACAN inter ference i n  the GPS bandwidth i s  l i m i t e d  t o  -181 dBm/Hz, the 
degradation t o  the t o t a l  s ignal - to-noise r a t i o  w i l l  De less thaq 0.5 dB. 
Consequently, the d i f ference between the actual TACAN inter ference spec- 
t r a l  density and -181 dBm/Hz w i l l  be the requ ii-cci antenna i so la t i on .  
The e f f e c t i v e  noise bandwidth Bo o f  the TACAN signal can be fuund 




BO = 5- 1 S ( f )  d f  = - ' 1 si A f  = 0.7 MHz, 
0 0 i=l 
and the e f f e c t i v e  spectral  densi ty  o f  the 1 kW (+60 dBm) TACAN pulse i s  
60 dBm - 10 l o g  0 . 7 ~ 1 0 ~  = t1 .5  dRm/Hz. Since the dynamic range o f  most 
spectrum analyzers i s  on the order of 60 dB and since i t  i s  necessary t o  
determine power densi ty  l eve l s  approximately 180 dB below the TACAN den- 
s i t y  l eve l ,  ex t rapo la t ion  techniques must be used to  deterr~iine the TACAN 
spectral  densi ty  a t  fo + 77 tIH7 (GPS L2 center frequency). 
The f i r s t  step i s  t o  rompare the measured TACAN power spectrum w i t h  
the TACAN spec i f i ca t ion .  According t o  the spec i f i ca t ion ,  the power i n  a 
0.5 MHz bandwidth centered t0.8 MHz from fo (center frequency) and t 2  MHz 
from fo sha l l  be 23 dB and 38 dB, respect ive ly ,  below the power i n  a 

0.5 MHz bandwidth centered a t  fo. By us ing  numerical i n t e g r a t i o n  o f  the 
measured TACAN power spectrum, t h e  power a t  t0 .8  MHz i s  found t o  be 46 dB 
below t h a t  a t  fo, and t h e  power a t  22 MHz i s  a t  l e a s t  60 dB (analyzer  
1  i m i t )  below t h a t  a t  fo. Thus t he  ac tua l  performance of t he  TACAN, i n  
terms of spec t ra l  shape, i s  a t  l e a s t  22 dB b e t t e r  than t h e  s p e c i f i c a t i o n .  
The problem now i s  t o  ex t r apo la te  t h i s  performance t o  fo + 77 MHz. This  
i s  accomplished by u t i l i z i n g  t ime domain in fo rmat ion .  Examination o f  the  
meas~red  t ime response o f  t he  TACAN pulse, as shown i n  F igure  28, i n d i -  
cates t h a t  t h e  ac tua l  pu lse shape i s  between a Gaussian pu lse  and a 
r a i sed  cos ine pulse.  I n  terms of spec t ra l  response, t he  r a i sed  cos ine 
pu lse  i s  t h e  worst-case i n t e r f e rence  source. The spectrum of t h e  r a i sed  
cos ine pu lse i s  g iven  by 
F (w)  = VT  s i n  WT 2 
WT [I + (WT) ] 
3 
so t h a t  t he  power envelope f ~ l l s  o f f  as t he  square of w , o r  
- - 60 l o g  (:) . 
P2 
Thus, s ince  the  power i n  0.5 HHz a t  fo i s  found by numerical i n t e g r a t i o n  
t o  be 58.7 dBm, t h e  power dens i t y  i n  0.5 MHz a t  77 MHz, by ex t rapo la t ion ,  
i s  found t o  be 
6 P = 58.7 dBm - 60 - 60 l o g  ( )  - 10 l o g  ( 0 . 5 ~ 1 0  ) 
= -153 dBm/Hz. 
The requ i red  antenna i s o l a t i o n  i s  thus 
Ant I s o  = 181 - 153 = 28 dB. 
Several po i n t s  should be noted. F i r s t ,  t h i s  ana l ys i s  does no t  t r e a t  
spurs which the TACAN t r ansm i t t e r  might  gsnera te, s ince Axionlatix has 
no t  rece ived a diagram o f  the  TACA1.I frequency generator t o  dnalyze t h e  
p o t e n t i a l  spur emission problem. Second, t h i s  ana lys is  has concentrated 
on the  L2 GPS frequency. Since L1 i s  450 MHz away from the  upper TACAN 
frequency, the  wideband modulat ion sideband in te r fe rence  w i l l  no t  a f f e c t  
the L1 GPS performance from a s igna l  - to -no ise  s tandpoin t .  However, the  
GPS preamp1 i f i e r  must be "esigned so t h a t  the  h i gh  peak power TACAN pulszs 
do not create serious intermodulat ions due t o  sa tura t ion  of the 
preampl i f ier .  Thus, i f  the 28 dB antenna i s o l a t i o n  presents a  serious 
implementation problem, Axiomatix recommends ignor ing the requirement 
and not  using the L2 frequency fo r  ionospheric cor rec t ion  when the TACAN 
i s  operat ing i n  the upper po r t i on  o f  the band. Furthermore, ongoing 
studies may f i n d  tha t  the ionospheric delay cor rec t ion  i s  unnecessary i n  
the context o f  the Shut t le  navigat ion accuracy requirements. I f  t h i s  i s  
the case, the TACAN wideband interference t o  L2 i s  a moot point .  
A descr ip t ion  of the TPCAN measurements made by JSC i s  given i n  
Appendix A. 
6.0 GPS Ph CODE ACQUISITION 
The GPS signal s t ruc tu re  u t i l i z e s  an a c q u i s i t i o n  code, the C/A code, 
t o  enable s ignal  a c q u i s i t i o n  t o  occur i n  a reasonably shor t  time. None- 
theless, s ince the a c q u i s i t i o n  code i t s e l f  i s  a PN code, o f  leng th  1023 
chips, t he  Shut t le  GPS rece iver  must u t i l i z e  a code search procedure t o  
f i n d  the  co r rec t  phase o f  the  code f o r  code acqu i s i t i on .  Two candidate 
code search and acqu i s i t i on  procedures f o r  the Shu t t l e  GPS rece iver  are 
discussed and analyzed here. The second o f  these procedures, the  sequen- 
t i a l  search technique, i s  found t o  o f f e r  a performance advantage over the 
fi r s t  technique, the f i x e d  step search. Consequently, the performance of 
the sequent ial  search technique i s  optimized by optimum se lec t i on  o f  the 
detector  parameters. Furthermore, the e f f e c t  o f  t he  Shu t t l e  doppl e r  on 
the search t ime i s  analyzed. 
6.1 PN Acqu i s i t i on  Time Performance of the  Shuttle/GPS Receiver i n  the 
Presence of S h u t t l e  Siqnal  Dynamics With a  F ixed Step Size Search 
6.1.1 I n t r oduc t i on  
The Shuttle/GPS rece i ve r  i s  respons ib le  f o r  e x t r a c t i n g  the  range 
and range r a t e  data from the  GPS t r ansm i t t ed  s igna ls .  Th is  i s  accomplished 
by c ross -cor re l  a t i n g  the  rece ived s igna l  p l us  no ise  w i t h  l o c a l l y  generated 
re ference codes and searching f o r  t h e  p o s i t i o n  o f  maximum c o r r e l a t i o n .  
Upon r e c e i v i n g  an i n d i c a t i o n  o f  t h i s  maximum c o r r e l a t i o n  pos i t i on ,  the  
r ece i ve r  then en te rs  a  search/ lock s t r a tegy  du r i ng  which t ime a  code 
t r a c k i n g  loop i s  enabled t o  complete the  a c q u i s i t i o n  process and begin 
t r a c k i n g  t he  code. A f t e r  removing t he  C/A and P  codes from the  rece ived 
s igna l ,  t he  two L-band c a r r i e r s  can then be acqui red and t racked by some 
form o f  suppressed c a r r i e r  t r a c k i n g  loop (e.g., an AFC aided Costas loop) .  
F i n a l l y ,  when both c a r r i e r  and codes have been acquired and the  cor re -  
sponding loops a re  t rack ing,  the  data may be detected. 
The complete acqu is i  t i o n i t r a c k  sequence (code and c a r r i e r )  f o r  each 
sate1 1  i t e  on each L-band c a r r i e r  n u s t  be performed i n  t h e  presence of 
var ious Shu t t l e  s igna l  dynamics (e.g., cen te r  o f  g r a v i t y  (CG)  dynamics 
and dynamics about t h e  p i t c h  a x i s ) .  The f i r s t  quest ion t h a t  must be 
answered i s  whether o r  no t  a i d i n g  i s  requ i red  and, i f  so, how much. 
Th is  r e p o r t  begins an at tempt  t o  spec i f y  the  requ i red  a i d i n g  by 
focus ing on the  code a c q u i s i t i o n  aspect o f  the  a c q u i s i t i o n l t r a c k  problem. 
I n  p a r t i c u l a r ,  the  PN code a c q u i s i t i o n  process i s  modeled as a  s i n g l e  
dwel l  t ime system as i n  [2], and expressions f o r  the  mean t ime t o  acqui re  
code phase i n  the  presence o f  doppler,  doppler r a te ,  and f i n i t e  du ra t i on  
j e r k  (doppler  acce le ra t ion )  a re  developed. A s i n g l e  dwel l  t ime system i s  
one i n  which on l y  a  s i n g l e  f i x e d  t ime i n t e g r a t i o n  (dwe l l  t ime)  i s  u t i l i z e d  
i n  the  code search process, as opposed t o  a  double dwel l  t ime search [ Z ]  
which has two i n t e g r a t i o n  periods-one t o  q u i c k l y  search f o r  the c o r r e c t  
code phase and the second t o  prov ide an improved est imate o f  whether the  
c o r r e c t  code phase has been found. The nex t  sec t ion  b r i e f l y  reviews the  
Markov chain  model o f  the  s i n g l e  dwel l  t ime system developed i n  g rea t  
d e t a i l  i n  [Z]. 
6.1.2 Markov Chain Acqu is i t ion  Model of the Single Dwell Time System 
Consider the simple model o f  a s ing le  dwel l  t ime PN acqu is i t i on  
system i l l u s t r a t e d  i n  Figure 29. Since the PN code i s  acquired wi thout  
knowledge o f  the c a r r i e r  phase, the model employs a standard type, non- 
coherent (square-law) detector.  B r i e f l y ,  the received signal -p l  us-noi se 
i s  ampl i f ied  and then cor re la ted  w i t h  a l oca l  r e p l i c a  o f  the PN code, 
the co r re la t i on  being performed by a mu1 t i p 1  i e r  fol lowed by a bandpass 
f i l t e r .  The f i l t e r  output i s  then square-law detected w i t h  the detector  
output being in tegrated f o r  a f i x e d  time dura t ion  rD ( the  "dwell t ime") 
i n  an integrate-and-durn2 c i r c u i t .  
The Markov chain nature o f  the acqu is i t i on  model stems from the way 
i n  which the integrate-and-dump ( I&D) output i s  processed. I n  pa r t i cu la r ,  
i f  the  I & D  output i s  above a preset threshold, then a " h i t "  i s  declared 
and the system enters 2 v e r i f i c a t i o n  mode. I f  t h i s  h i t  represents a t r u e  
h i t  ( i  .e., the cor rec t  code phase has been determined), then the system 
has o f f i c i a l l y  acquired and the search comes t o  an end. I f  the h i t  i s  a 
f a l s e  alarm, then v e r i f i c a t i o n  cannot be consummated and the search must 
continue. I n  e i t h e r  case, we sha l l  assume (as i n  121) t h a t  the v e r i f i c a t i o n  
i s  characterized by an extended dwell time (e.g., krg sec; k >> 1 ) and an 
enter ing i n t o  the code t rack ing  loop mode. Understanding t h a t  a t r u e  h i t  
corresponds t o  a s ing le  code phase pos i t i on  and t h i s  can only  occur once 
per search through the code, we can regard the time i n t e r v a l  k rD sec as 
the "penalty" o f  obta in ing a f a l s e  alarm, since a fa l se  alarm can occur 
on any code phase pos i t ion .  I f  the I & D  output f a l l s  below the preset 
threshold, then the loca l  PN code generator steps t o  i t s  next pos i t i on  
and the search proceeds. Thus, a t  each t e s t  pos i t i on  (aside from the 
s ing le  t rue  code phase pos i t i on ) ,  one o f  two events can occur, each char- 
acter ized by a p r o b a b i l i t y  o f  occurrence; namely, a f a l s e  alarm can occur 
w i th  p r o b a b i l i t y  PFA, causing a penalty o f  krD sec, o r  no fa l se  alarm 
occurs w i th  p r o b a b i l i t y  (1 - PFA), resu l t i ng  i n  only  a s ing le  dwell time 
o f  rD sec-hence, the Markov chain model. 
The time t o  acquire T, i .e., the t ime t o  declare a t rue  h i t ,  i s  a 
random var iable and, i n  general, depends on the i n i t i a l  ( a t  the beginning 
o f  the search) code phase pos i t i on  o f  the l oca l  PN generator r e l a t i v e  t o  
t h a t  o f  the received code. Since the p r o b a b i l i t y  d i s t r i b u t i o n  o f  T i s  
d i f f i c u l t  t o  obta in i n  pract ice, one o r d i n a r i l y  i s  content w i t h  determining 

the mean acqu is i t i on  t ime and, i n  the absence o f  a  p r i o r i  knowledge 
concerning the r e l a t i v e  code phase pos i t ions  o f  the received and l o c a l l y  
generated codes, the l oca l  PN generator i s  assumed t o  s t a r t  the search 
a t  any code phase pos i t i on  w i t h  equal p robab i l i t y .  Stated i n  mathematical 
t e n s ,  l e t t i n g  q  denote the number o f  c e l l s  (phase update pos i t ions  o f  
the l oca l  code r e p l i c a )  t o  be searched, then the p r o b a b i l i t y  PI o f  having 
the signal present ( t r u e  h i t )  i n  the  f i r s t  c e l l  searched i s  l /q ,  and the 
p r o b a b i l i t y  o f  i t  not  being present there i s  1  - l / q .  For example, i f  the 
number o f  code chips t o  be searched i s  denoted by N  and the search proceeds 
i n  ha l f - ch ip  increments, then q = 2N and PI = 1/2N. More general ly,  i f  i t  
has been determined tha t  the signal i s  no t  present i n  the f i r s t  k-1 c e l l s ,  
then the a  p r i o r 1  p r o b a b i l i t y  Pk o f  f i nd ing  i t  present i n  the - k t h  c e l l  i s  
l / ( q +  1  - k), where (q + 1  - k) i s  obviously the number o f  remaining c e l l s  
t o  be searched, each possessing an equal p r o b a b i l i t y  of having the signal 
present . 
6.1.3 Mean Acquis i t ion Time Performance 
a. No Code Doppler 
Using the above Markov chain model, tne mean acqu is i t i on  t ime o f  
the s ing le  dwell system i s  determined i n  [2], w i t h  the r e s u l t  ( f o r  
la rge  q) : 
where PD i s  the p r o b a b i l i t y  o f  detect ion (determining a t r u e  h i t  whqit, 
i n  f ac t ,  the loca l  code r e p l i c a  i s  a t  the cor rec t  code phase pos i t i on ) .  
Furthermore, the r e s u l t  i n  (1)  assumes t h a t  no code doppler i s  present 
and tha t  PD i s  t ime invar ian t .  Although idea l ized inso far  as i t s  assump- 
t ions,  the r e s u l t  i n  (1 ) can be modif ied t o  r e f l e c t  actual  hardware o r  
software systems. These modi f icat ions are discussed i n  [2] and are a lso 
germane t o  the extensions which fo l low.  
b. Code Doppler 
When code doppler i s  present, the acqu is i t i on  time performance 
o f  the system o f  Figure 29 i s  a f fec ted  i n  two ways. F i r s t ,  the code 
doppler causes the r e l a t i v e  code phase between received and l o c a l l y  
generated PN codes t o  be time varying during the dwell t ime o f  the 
integrate-and-dump. This has the e f fec t  o f  increasing o r  decreasing the 
probabi l  i t y  o f  detect ion PD, depending on whether the code doppler i s  
causing the r e l a t i v e  code phase t o  increase o r  decrease. The second and 
p o t e n t i a l l y  more dominant e f f e c t  i s  t h a t  code doppler a f f e c t s  the average 
search rate,  I n  fact ,  i f  the code phase s h i f t  caused by the doppler over 
a s ing le  dwell t ime i s  equal t o  the step s ize  (phase update) o f  the 
search, then the average search r a t e  i s  reduced t o  zero. 
To take both o f  these e f f e c t s  i n t o  account when computing mean 
acqu is i t i on  t ime i s  indeed a d i f f i c u l t ,  i f  not  impossible, ana ly t i ca l  
task. However, i t  i s  possible t o  account f o r  j u s t  the e f fec t  o f  doppler 
on average search r a t e  i n  a way which represents an obvious extension o f  
the r e s u l t  i n  (1). L e t t i n g  dfC denote the code doppler i n  chips/sec and 
Tc the ch ip  i n t e r v a l  i n  sec, then the mean search (code phase) update p 
i n  chips i s  given by [2]: 
where bTc/TC represents the search update i n  the absence o f  doppler or, 
equivalent ly,  the step s ize  o f  the search i n  f rac t i ons  o f  a c h i p i  dfcrD 
i s  thc code phase s h i f t  due t o  doppler dur ing the dwel l  time; and A f c  K T ~  
i s  the code phase s h i f t  dur ing v e r i f i c a t i o n  caused by a f a l s e  alarm. 
Thus, replac ing q by N/p i n  (1) gives an expression f o r  mean acqu is i t i on  
t ime i n  the presence of  code doppler, namely L2], 
Since b fc  can be e i t h e r  p o s i t i v e  o r  negative, then depending upon i t s  
sign, the code doppler can e i t h e r  speed up o r  slow down the search. 
With regard t o  the magnitude o f  the code doppler, we sha l l  assume t h a t  
1 b f C  1 r D ( l  + K PFA) << aTc/Tc, so t h a t  the denominator o f  (3 )  never approaches 
zero and the search always proceeds i n  the d i r e c t i o n  d i c ta ted  by the code 
phase update provided by the loca l  PN generator. F ina l l y ,  note that ,  when 
b f C  = 0, then bTC/Tc = N/q and (3)  reduces t o  (1)  as i t  should. 
c. Code Doppler and Doppler Rate 
The way i n  which code doppler i s  accounted f o r  i n  extending the 
r e s u l t  o f  (1 ) t o  t h a t  given i n  (3)  can a lso be appl ied t o  fu r the r  extend 
(1)  t o  include the e f f e c t  of code doppler ra te .  I n  pa r t i cu la r ,  we sha l l  
compute the mean search update analogous t o  ( 2 )  and again replace q by 
N I P  i n  the expression f o r  mean acqu is i t i on  time. 
When code doppler alone was present, we observed tha t  the mean 
( s t a t i s t i c a l  ) search update was t ime invar ian t ,  i .e. , the expression i n  
(2) character izes every c e l l  being searched. When, i n  addi t ion,  code 
doppler i s  present, the mean search update i s  now time dependent i n  the 
sense t h a t  i t  i s  now a funct ion o f  the c e l l  being searched. Thus, we 
s t a r t  our ~ n a l y s i s  o f  t h i s  case by 2xamining the mean search update i n  
the f i r s t  and second c e l l s  from which we sha l l  f i n d  a general expression 
tha t  characterizes t h i s  quant i ty  i n  the - i t h  c e l l ,  1 s i  zq. 
I n  general, the mean search update v i n  any given search c e l l  i s  
equal t o  the nominal search update ATc/Tc ( t y p i c a l l y ,  112 f o r  ha l f -ch ip  
search increments) o f  the loca l  PN code generator plus the mean shanqe i n  
* phase o f  the received code over the search time o f  t ha t  c e l l .  Thus, 
l e t t i n g  p1 denote the mean search update it\ the f i r s t  c e l l  being searched, 
a1.d h ic  the code doppler r a t e  i n  chips/sec2, then from the Markov model 
previously establ ished f o r  the s ing le  dwell time system, we have tha t  
S imi la r ly ,  i n  the second c e l l  tr be searched, the 
would be given by 
2 PFA( K + Z K ) ]  
mean search update 
* 
We continue t o  assume, ss before, t ha t  the code pkase der ivat ives 
are pos i t i ve  when they are i n  such a d i r e c t i o n  as t o  a i d  the search 
(reduce the acqui s i  t i o n  t ime). 
To general ize (4 )  and (5) t o  an a r b i t r a r y  search c e l l ,  we f i r s t  observe 
that,  f o r  any time to > 0. 
and 
Thus, extendin5 the k r L o v  chain procedure leading t o  the expressir.5 f o r  
p2 and using ( 6 )  and ( I ) ,  we a r r i v e  a t  t h ~  general expression f o r  the 
mean search update un+, o f  the - n+l s t  c e l l .  namely, 
where 
i s  the  binomial coe f f i c i en t .  The t h i r d  term i n  (8) can be f u r t h e r  amp1 i- 
f i e d  as fol lows: 
(1  0) 
Since, from the proper t ies o f  a binomial d i s t r i b u t i o n ,  
then from (10) and (1  1 ) , we have 
n k n-k I ( I  - PFA) [ (n  - kk) + k(Ktl ) ]  = n t Kn PFA = r,(1 + KPFA) . (12) 
k=O 
F ina l l y ,  subs t i t u t i ng  (12) i n t o  (8) gives the desired s imp l i f i ed  r e s u l t :  
Note from (13) t ha t  the mean search update i s  d l i n e a r  funct ion 
o f  the search c e l l .  Because o f  t h i s  dependence on n , we cannot d i r e c t l y  
replace q by N/p i n  (1)  t o  a r r i v e  a t  a formula f o r  mean acqu is i t i on  i n  
the presence o f  code doppler and doppler rate.  Rather, we sha l l  f i r s t  
f ind  the average mean search update u obtained by averaging LI,,+~ o f  ( 1 3 )  
over a1 1 q search c e l l  s, i . e., 
and then make the above suggested r~7lacement  rn (1) .  Thrs, from (13) 
and ( 1 4 ) .  we have tha t  
Since t he  t o t a l  mean s e ~ r c h  update must correspond t o  
ch ips searched, we have t ha t *  
t he  t o t a l  number o f  
Thus, s u b s t i t u t i n g  N/,.I f o r  q i n  (13) r e s u l t s  i n  a  quadrat ic  equat ion 
i n  p, namely, 
L e t t i n g  
then 
- - + 
here we have made the  assumption chat 1 A f c  1 a n i  1 nfc 1 are  small 
enoggh such t h a t  Pn+l > 0 f o r  a1 1  n  = 0,l , . . . ,q - l  and thus the s ~ a r c h  p rc -  
ceeds on ly  i n  one d i r ec t i on ,  namely, t h a t  d i c t a t e d  by the l oca l  PN yener- 
a t o r  code phase update. 
F i n a l l y ,  s u b s t i t u t i n g  N/P f o r  q  i n  (I), w i t h  
t h e  r e s u l t i n g  expression f o r  mean a c q u i s i t i o n  
code doppler and code doppler  r a te ,  namely, 
D def ined  by (19),  g ives 
t ime i n  t h e  presence o f  
Note again t ha t ,  when nit = n i c =  0, we have t h a t  B =  aTc/Tc = N/q, C =  0, 
and (20) reduces t o  ( 1 ) .  
d. Code Doppler, Doppler Rate, and Doppler Acce le ra t ion  
(Jer)., . ------ Over a  F i n i t e  -- - Tinie I n t e r v a l  
--.-A- - - 
When, i n  a d d i t i o n  t o  code doppler  and doppler  r a te ,  the  rece ived 
s igna l  dynamics a re  character ized by a  doppler  acce le ra t i on  o r  j e r k  over 
a f i n i t e  i n t e r v a l  o f  
e/29 takes the  fonu 
time, say, 0 - . t - :  t then the  rece ived code phase 1  ' 
where ,\fc denotes t he  doppler acce le ra t ion .  The second equat ion i n  (21 ) 
ca. *e w r i t t e n  i n  a more convenient form which i d e n t i f i e s  the  e f f e c t i i e  
code phase, doppler,  and doppler r a tes ,  namely, 
For convenience .)f a n ( ~ l y s i s ,  we s h a l l  assume t h a t  the  t ime dura- 
t i o n  o f  the j e r k  li an i n t ege r  m u l t i p l e  o f  the d\ , . - ' l  time, i . e . .  tl = M T  d  ; 
M 1, and furthermore, l ess  thar, t i le t ime du ra t i on  pena l t y  o f  a  f a 1  se 
alarm, i . .  , t < ( K k l ) r D  or, equ iva len t l y ,  H < K +  1. As before,  we s h a l l  
character ize,  f o r  the  purpose o f  i 1 l u s t r a t i o n ,  t he  mean search update 
i n  t he  f i r s t  and second search i n t e r v a l s  from which an expression v a l i d  
f o r  t he  - i t h  search i n t e r v a l  w i l l  become obvious. F i n a l l y ,  t h e  ( t ime! 
average mean search update w i l l  be computed and used t o  eva lu te  the  mean 
a c q u i s i t i o n  t ime performance o f  t he  s i n g l e  dwel l  system i n  t h e  presence 
o f  code doppler, d o p p l ~ r  r a te ,  and f i n i t e  t ime du ra t i on  j e r k .  
I n  the f i r s t  code search i n t e r v a l ,  t he  mean search update ul i s  
now g iven by 
Note tha t ,  when ~f = 0, then (23) reduces t o  ( 4 ) .  I n  the  second search C 
i n t e r v a l ,  the  mean search update i s  s i m i l a r l y  given by 
E l  - P ~ ~ )  j ( K t 2 1  rD (bf ' + d t  Wt1 ITD c 
which upon simp1 if i c a t i o n  becomes 
Once again, when n f c = O ,  ( 2 5 )  reduces t o  ( 5 ) .  Extending t h i s  Markov 
cha in  approach t o  t h e  -- n + l s t  c e l l ,  we a r r i v e  a t  t h e  general  expression 
c h a r a c t e r i z i n g  t h e  mean search update o f  t h i s  c e l l ,  namely. 
and 
i 
Using the d e f i n i t i o n  o f  average mean search update p given i n  
(14), then s u b s t i t u t i n g  (26) i n t o  t h i s  equat ion g ives 
Fro~n t h e  summation p rope r t i es  o f  a r i t h m e t i c  and geometric se r ies ,  we 
have t h a t  
S u b s t i t u t i n g  (28) i n t o  (27) and simp1 i f y i n g  y i e l d s  
Comparing (29)  w i t h  (15) ,  we observe t h a t  the  e f f e c t  o f  the f i n i t e  dura- 
t i o n  doppler j e r k  on tbe average mean search update i s  s imply  the  add i -  
3 3 t i o n  of the term nfcM r D  / (6q ) ,  which i s  i nve rse l y  p ropo r t i ona l  t o  the 
number o f  search i n t e r v a l s  q .  
L e t t i n g  q =  N/u as i n  (16) ,  we once again ge t  a  quadra t i c  equat ion 
i n  p ,  namely, 
L e t t i n g  
wi th ,  as a  reminder [see (22) w i t h  tl = M rD] , 
then the  mean a c q u i s i t i o n  t ime ? i s  once again  g iven by (20) w i t h  A, 
B, and C now as de f ined  i n  (31 ) . 
6.1.4 Eva lua t ion  o f  Detect ion P r o b a b i l i t y  PD and False Alarm Proba- 
b i l i t y  PFA i n  Terms of PN Acqu i s i t i on  System Parameters 
The formulas f o r  mean a c q u i s i t i o n  ts,ne developed i n  the  prev ious 
sec t ion  a re  a l l  funct ions o f  the  de tec t i on  p r o b a b i l i t y  PD, f a l se  alarm 
p r o b a b i l i t y  PFA, and dwel l  t ime rD. Thus, i t  would appear a t  f i r s t  
glance tha t ,  fo r  spec i f i ed  values of de tec t i on  p r o b a b i l i t y  and f a l s e  
alarm p r o b a b i l i t y ,  one could  a r b i t r a r i l y  s e l e c t  the  dwel l  t ime t o  
achieve any des i red  mean a c q u i s i t i o n  t ime. Upon c l ose r  examination, 
one r e a l  i z cs  t h a t  .ndeed t h i s  i s  no t  poss ib le  w i t h  t he  f a l l a c y  l y i n g  
i n  the  f a c t  t ha t ,  f o r  a  g iven PFA and p rede tec t ion  s igna l - to -no ise  
r a t i o n ,  PD i s  i m p l i c i t l y  a  f u n c t i o n  of rD. To p lace t h i s  statement 
i n  evidence, we begin by eva lua t i ng  PD and PFA i n  terms o f  t he  P I  
a c q u i s i t i o n  system parameters f o r  the s imple case o f  no code doppler 
o r  doppler de r i va t i ves .  Fo l low ing  t h i s ,  we sha? 1  general i z e  these 
r e s u l t s  t o  correspond more r e a l  i s t i c a l  l y  t o  the  Shu t t l e  s igna l  dynamics. 
a. No Code Doppler 
When s igna l  i s  present  (i .e., t h e  c e l l  being searched corresponds 
t o  a  sample va lue on t h e  PN c w r e l a t i o n  curve),  then t h e  i n p u t  t o  t he  
square-law de tec to r  can be expressed i n  t h e  fcrm 
x ( t )  = s ( t )  + n ( t )  = f i  A cos (mot+ $) + f i  n c ( t )  cos ( m o t +  $ )  
- f i  n s ( t )  s i n  ( m o t  + $)  
= A ~ ( t )  cos (mo t  + q~ t e ( t ) )  , 
where 
* 
I n  (33). A i s  t he  rms s igna l  amplitude, w0 t h e  r ad ian  c a r r i e r  frequency, 
and n c ( t ) ,  n s ( t )  a re  bandl imited, independent, low pass, zero mean 
Gaussian no ise processes w i t h  var iance 0' = NoB, where No i s  t he  s i ng le -  
i s  t he  no ise bandwidth o f  t he  pre-  s ided no ise spec t ra l  dens i t y  and B 
de tec t i on  bandpass f i l  t e r .  
The ou tpu t  o f  the square-law 
t he  i n p u t  x ( t )  o f  (33) i s  ( i g n o r i n g  
dev ice i n  F igure  1  i n  response t o  
second harmonics o f  t h e  c a r r i e r ) :  
A 2 2 
~ ( t )  = x 2 ( t )  = ~ ' ( t )  = ( A +  n c ( t ) )  t nS ( t )  (35) 
and has a f i r s t  o rder  p r o b a b i l i t y  dens i t y  f unc t i on  ( p d f )  which i s  g iven  
by 
1 0 ;  otherwise 
* 
For the  moment, we s h a l l  no t  en te r  i n t o  a  d iscuss ion  concerning 
the var ious system losses and gains which enter  i n t o  t he  c a l c u l a t i o n  o f  
t he  e f f e c t i v e  s igna l  ampl i tude t o  be used i n  p r e d i c t i n g  t r u e  system 
s igna l - to -no ise  r a t i o  behavior.  Such a d iscuss ion w i l l  be g iven l a t e r  
on i n  the  development. 
where 10(x) i s  the  zero order  mod i f ied  Bessel f u n c t i o n  o f  the  f i r s t  
k ind  and 
i s  the  predetect ion s igna l - to -no ise  r a t i o .  In the  absence of s igna l ,  
i . e. , A = 0, (36) reduces t o  the  chi-squared pdf:  
lo ; otherwise 
which character izes the  square-law output  i n  a l l  search c e l l s  which con- 
t a i n  no ise on ly .  
I f  y ( t )  i s  sampled a t  i n t e r v a l s  T =  1/B, then these samples a re  
approximately independent, and furthermore, the  integrate-and-dump 
output  can be approximated by a summation over these sampled values, 
name1 y , 
where* 
Using the approxinlation i n  (39) and the f i r s t  order  p d f ' s  o f  
(36)  and (38), the pdf  o f  Z, namely, p(Z),  f o r  s ignal  present i s  
given by 
0 ; otherwise 
and f o r  s ignal  absent i s  g iven by 
* 
I t  i s  convenient here t o  assume t h a t  i s  in teger ,  a l though the  
r e s u l t s  which f o l l o w  are, f o r  l a rge  NB, v a l i d  f o r  ilg noninteger.  
. ZN B- ( 2  0 
exp - ) i z z o  (NB - l)! 
1 0 ; otherwise 
I n  (41). IN ( x )  i s  t he  (NB-1)st o rder  mod i f ied  Bessel f u n c t i o n  o f  B - 
the  f i r s t  k ind.  
2 Normal iz ing Z by u /NB= N o / ~ D  or ,  equ i va l en t l y ,  l e t t i n g  
2 Z* 4 Z NB/a , we can r e w r i t e  (41) and (42),  respec t i ve ly ,  i n  t he  
simp1 e r  form, 
( 0 ; otherwise (43) 
and 
(Z* )  ) / 2  exp ( -  Z*) ; Z* 2 0 
(NB - I ) !  
0 ; otherwise (44) 
The p r o b a b i l i t y  of f a l s e  alarm, PFA, i s  the  p r o b a b i l i t y  t h a t  Z 
exceeds the th resho ld  q when s igna l  i s  absent o r ,  e q u i v a l e i ~ t l y ,  i n  
terms o f  the  normal i zed  random va r i ab l e  Z* and t he  normal i zed  th resho ld  
2 
TI*& ,NB/u , 
m j" (z*)  
P,, = 1 p(Z*) d i *  = 1  - exp ( -  Z*) dZ* 
rl* 0 (!IB - I ) !  
The de tec t i on  p r o b a b i l i t y  PD i s  t he  p r o b a b i l i t y  t h a t  Z exceeds the  
th resho ld  when s igna l  i s  present.  Thus, us ing  (43) r a t h e r  than 
( 4 4 ) ,  we ge t  
which cannot be pu t  i n t o  a  closed-fotm express ion. 
For l a r g e  NB ( t h e  case o f  most p r a c t i c a l  i n t e r e s t ) ,  t h i ngs  become 
2 q u i t e  a  b i t  s impler.  De f i n i ng  y,X =y(kT) /a  , then from (36) and (38), 
n 
t he  pd f ' s  of y; i n  t he  presence and absence o f  s igna l  are, r espec t i ve l y ,  
I 0 ; otherwise 
Also, from (39)  and t he  d e f i n i t i o n  o f  Z* i n  terms o f  Z, we have 
Since, by previous assumption, the  y;'s a re  independent random v a r i -  
ables, then f o r  l a rge  NB, Z* i s  approximately Gaussian d i s t r i b u t e d  w i t h  
2  2 mean P = N and var iance oz, = NBuy, . The means and var iance o f  B 
the  p d f ' s  i n  (47)  and (48) a re  w e l l  known [3] tl? be 
- 2 y* = 1  + y ; uy* = 1  + 2y ; s igna l  y e s e n t  (50) 
- 
y* = 1 2 ; ny* = 1  ; s igna l  absen t .  (51 ) 
Thus, 
- 7 Z* = I l g ( l  + v )  ; = NB( l  t 2y) ; s igna l  present ( 52 )  
- 
Z* = NB 2  UZ* = NB ; s igna l  absent . (53) 
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Using t he  Gaussian assumption, the f a l s e  a l a r n  p r o b a b i l i t y  i s  
- s e r f c  [2] 
1 




2 er fc  x 4 - exp ( - t  ) d t .  
Thus, if PFA i s  speci f ied, 0 can be determined. The corresponding 
de tec t ion  p r o b a b i l i t y  under the  same assumption i s  
1 
= e r f c  - 
= e r f c  
Combining (54)  and ( 5 6 )  and r e i d e n t i f y i n g  No and y i n  terms o 
system "araneters gives the f i n a l  r e l a t i o n  
2 Thus, g iven PD, PFA, A /I$, a,ld 8, the dwel l  t ime rD i s  determined. 
Before us ing  (57 ) and the  dwel l  t ime determined from i t  i n  the  
formulas der i ved  i n  the  prev ious sec t ion  f o r  mean a c q u i s i t i o n  t ime, 
severa I p o d i f  i c a t i o n s  based upon p r a c t i c a l  cons idera t ions  must be 
made. 
( 1  ) - E f f e c t i v e  P r o b a b i l i t y  o f  Detect ion and Timinq Misalignment 
The c a l c u l a t i o n  o f  de tec t i on  p r o b a b i l i t y  as i n  (46) o r  (56) 
i m p l i c i t l y  assumed t h a t  o n l y  one c e l l  i n  t he  e n t i r e  search s a t i s f i e s  
the "s igna l  present"  hypothesis. I n  a c t d a l i t y ,  s ince  ;he PN c o r r e l a -  
t i o n  curve e x i s t s  over an i n t e r v a l  o f  t l c h i p  around t he  peak, then, 
f o r  example, a  system whicn updart the  l o c a l l y  generated code phase 
i n  ha l f - ch ip  increments would y i e l d  severa l  c e l l s  f o r  which s igna l  
cou ld  be considered present.  
Typ i ca l l y ,  t he  system i s  designed on t he  bas is  o f  t he  worst  case 
co r re l a t i on ,  which f o r  the ha1 f - c h i p  ~ p d a t e  case would correspond t o  
t he  p a i r  o f  c o r r e l a t i o n  po in t s  one-quarter c h i p  away from the  co r re l a -  
t i o n  peak. Since the  normalized c o r r e l a t i o n  value a t  these po in t s  i s  
0.75 ( r e l a t i v e  t o  a  peak o f  1). then the  s i n g l e  s igna l  p o i n t  c a l ~ u l a -  
t i o n  o f  de tec t i on  p r o b a b i l i t y  as i n  (46) o r  (56)  would be based on an 
2 e f f e c t i v e  reduc t ion  i n  the  nominal s i gna l - t o -no i se  r a t i o  A /No of 
10 1 0 ~ ~ ~ ( . 7 5 ) ~  ; 2.5 dB. Since, however, i o  r e a l i t y  the re  e x i s t  two 
worst  case c o r r e l a t i o n  pos i t i ons ,  then the  e f f e c t i v e  p robab i l  i t v  I -- of 
de tec t i on  P i  f o r  use i n  computing mean a c q u i s i t i o n  t ime i s  computed as: 
where the f i r s t  term i n  (58) represents the  p r o b a b i l i t y  o f  de tec t i ng  
s igna l  present on the  f i r s t  c o r r e l a t i o n  p c i n t  and t b  second t e r n  i s  
the  j o i n t  p r o b a b i l i t y  o f  no t  de tec t i ng  s igna l  on t he  f i r s t  c o r r e l a t i o n  
p o i n t  and de tec t ing  s igna l  p e s e n t  on the  second c o r r e l a t i o n  po in t .  
C lear l y ,  f o r  low s igna l - to -no ise  r a t i o s  (smal 1  PD), the e f f e c t i v e  
d e t e c t i m  p r o b a b i l i t y  i s  approximately tw ice  t h a t  computed o~ the 
bas is  o f  a  s i n g l e  s igna l  present c e l l  [ (46 )  o r  (56) ] .  I n  suimary, 
then, the computation procedures would be as f o l l ows .  For a  g iven 
'FA* determine 6 from ( 5 4 ) .  For a  7pec i f i ed  P i ,  f i n d  rD from (57 ) ,  
degrade the  g iven nornit:dl value o f  y by 2.5 dB and so lve f o r  NB i n  
('56). Determine the dwel l  t ime f-om rD = NB/B, w h ~ e  B i s  t he  g iven 
bandpass f il t e r  bandwidth at .:rmiiled by cons iderat ions on a1 lowable 
modulat ion d i s t o r t i o n  ( t o  be discussed nex t ) .  Using P i ,  PFA, and T,, 
i n  ( I ) ,  so lve  f o r  7 .  
(2) &wJ8~lation D i s t o r t i o n  E f f e c t s  
Typ ica l l y ,  the  PN modulated car r  lr!r i s  a1 so b i  phase modulated 
by data.  Depending on t he  r a t i o  o f  p r e d e ~ e c t i o n  f i  1 t e r  bandw:dth B 
t o  data r a t e  R, t h i s  data modul:t!op w i l l  s u f f e r  d i s t o r t i o n  and an 
equ iva lcc t  power reduc t ion  as i t  passes through t h i s  f i l t e r .  The 
equiva lent  power reduc t ion  fac to r  D i s  computed from 
where S,,,(f) i s  t  pcver spec t ra l  dens i t y  o f  the  d a t i  ~ o d u l a t i o n  and 
H ( j  271 f )  i s  the equiva'#;nt lowpass t rans fe r  funct ior :  c j f  the predetec- 
2 t i o n  bandpass f i l t e r .  Thus, the  nominal s igna l  power A must be mu1 ti- 
p l i e d  by D t o  account f o r  t h i s  e f f e c t  when computing the e f f e c t i v e  
sign-1-to-noise rat.:o t o  be used i n  t he  previous de tec t i on  and f a l s e  
alarm p r o b a b i l i t y  computations. 
( 3 )  Reduction i n  Noise Spectral  Densi ty Caused by PN D~spread inq  
* 
Mu1 t i p l l c a t 4 0 n  o f  the  equiva lent  noi;e process a t  the PN acqui-  
s i t i o n  system i npu t  by the  l o c a l l y  genersted PN sequence spreaas the 
spectrum of t h i s  no ise process and simultaneously reduces i t s  e f f e c t i v e  
spec t ra l  he igh t  i n t o  tbe data f i l t e r .  L e t t i n g  N d  denote t h i s  effec- 
t i v e  no ise spec t ra l  d i m i t y ,  then s ince the bandwidth of the data 
(p rede tec t ion)  f i l t e r  i s  much narrower than t h a t  o f  the  PN process, 
we have t h a t  
s i n  n f Tc 2 
l H ( j  271 f; I *  d f  . 
I n  (60) ,  we have assumed f o r  s i m p l i c i t 3  o f  the c ~ l c u l a t i o n  t k a t  the  PN 
l i n e  scectrum i s  approximated by i t s  envelope. Thus, again i n  computing 
the e f f e c t i v e  s ignal - to-no ise r a t i o  o f  the  system. '!O should be replaced 
F i n a l l y ,  surrming up the  e f f e c t s  o f  6.1.4.a(1) - 6.1.4.a(3), the  
e f f e c t i v t  s ignal - to-no ise r a t i o  y' i n  the  predetect io f i  f i l t e r  bandwidth 
i s  given by 
C)  
where D i s  def ined i n  !59), N d  i n  (60) and L, the loss  due t o  a f rac-  
t i o n a l  ch ip  misalignment A1TC from the co r re la t i on  curve peak, i s  given 
by 
Agc n, f o r  hoi f -ch ip search updates, the worst case loss corresponds 
t o  :, ic/Tc = 1/4. 
b. Code Doppler a ,d I t s  Derivatives- 
When code doppl e r  and i t s  der iva t ives  character ize the received 
signal dynamics, then the t iming e r r o r  between received and l oca l  PN 
codes i s  no t  constant over the dwell t ime o f  the detect ion process. 
This "smearing" effect has a d i r e c t  bearing on the ca l cu la t i on  o f  the 
loss due t o  f rac t iona l  ch ip  t iming misalignment and thus the expression 
f o r  t h i s  loss given i n  (62) requires modi f icat ion.  
Consider f i r s t  the case where the received signal i s  character- 
ized by code doppler and doppler ra te .  Then the normal ized signal input  
t o  the acqu is i t i on  dwell time in tegra tor  i n  Figure 29 i s  (under the s ignal  
present hypothesis): 
The correspondi ng normal i zed dwe 11 time in tegra tor  output 
For small d fC and b f C *  the loss  L o f  (57) i s  we l l  approximated by 
F ina l l y ,  if the "signal present c e l l "  i s  being searched dur ing 
the f i n i t e  t ime i n t e r v a l  over which the doppler j e r k  i s  present, then 
(63) becomes 
and the corresponding loss as computed from (64) i s  
where, f o r  s i m p l i c i t y  o f  notat ion, we have def ined 
. . 
Again f o r  small dfc, dfC,  and dfC, (67) i s  wel l  approximated by 
Using (67) o r  (69) i n  (61) ,  one i s  able t o  conipute, t o  a f i r s t  
order approximation, the e f f e c t i v e  signal- to-noise r a t i o  i n  the predetec- 
t i o n  f i l t e r  bandwidth when the received signal dynamics are character- 
ized by code doppler and i t s  f i r s t  two der ivat ives.  
Because o f  the  dependence o f  L on dwell t ;me T ~ ,  the procedure 
for  u l t ima te l y  ca l cu la t i ng  mean acqu is i t i on  time i s  more complex but 
may be summarized as fol lows: 
(a )  For a given detect ion p r o b a b i l i t y  (Pi), solve for  PD 
from (58). 
(b)  For a spec i f ied  bandwidth B and f i l t e r  type, compute D 
from (58) and Nd from (60). (Actual ly ,  c a r r i e r  and code doppler 
a f fec t  these computations but  we sha l l  assume these are second-order 
e f fec ts .  ) 
( c )  Using D and Nd computed i n  (b) and L from (67) o r  i from 
2 (69), determine r '  from (61) as a func t ion  o f  rD (assume A /No i s  
given and worst case misal ignment) . 
(d)  L e t t i n g  NB = B T ~ ,  then f o r  a given PFA, together w i t h  PD 
determined from (a) and y '  from ( c ) ,  solve (transcendental ly) f o r  r D  
from (56). 
(e)  Using rD as determined i n  (d), and the given values of 
P ' and PFA, ca lcu la te  7 from (PO). D 
6.2 Sequential Detect ion Acquis t ion Time Performance 
o f  t h e  Shu t t l e  GPS Receiver 
6.2.1 I n t r oduc t i on  
Sequential de tec t i on  i s  a  de tec t i on  process f i r s t  used i n  radar  
and, more recen t l y ,  app l i ed  t o  t he  a c q u i s i t i o n  process i n  PN receivers .  
I t  o f f e r s  t he  advantage o f  s i g n i f i c a n t l y  f a s t e r  search t imes when com- 
pared t o  " f i x e d  s tep s i z e '  search procedures. The advantage i s  achieved 
because the  sequent ial  process i s  ab le  t o  decide t h a t  s igna l  ( i .e . ,  PN 
c o r r e l a t i o n  o r  p a r t i a l  c o r r e l a t i o n )  i s  absent much f a s t e r  than the f i x e d  
i n t e g r a t i o n  t ime process. Th is  i s  because the  l a t t e r  process spends as 
much t ime dec id ing  t he re  i s  no s igna l  (which i s  t he  predominant t e s t  i n  
an a c q u i s i t i o ~  search) as i t  does i n  dec id ing t h a t  the s igna l  i s  present.  
Thus, most GPS rece ivers  a r e  implemented w i t h  a  sequent ia l  de tec t i on  
a c q u i s i t i o n  search a lgor i thm.  The fo? lowing performance ana lys is  o f  
sequent ia l  de tec t ion  a c q u i s i t i o n  i s  presented f o r  the purpose of  op t im iz -  
i n g  t he  Shu t t l e  GPS rece i ve r  a c q u i s i t i o n  a l go r i t hm parameters. This 
r e s u l t s  i n  t he  minimum S h u t t l e  GPS rece i ve r  a c q u i s i t i o n  t ime and, conse- 
quent ly ,  minimum t ime t o  f i r s t  f i x  (TTFF). 
6.2.2 Descr ip t ion  of Sequential Detector 
The sequent ial  synchronizat ion de tec to r  used f o r  GPS rece ivers  i s  
shown i n  F igure 30. The mean output  o f  t h i s  system i s  p ropor t iona l  t o  
t he  t o t a l  power contained i n  the  inpu t .  The ac tua l  ou tpu t  X ( t )  i s  com- 
pared t o  a  threshold e '  t h a t  i s  chosen t o  maximize the p r o b a b i l i t y  of 
detect ion,  PD, f o r  a  g iven p r o b a b i l i t y  of  f a l s e  alarm, PFA. This  w i l l  
lead t o  min imizat ion o f  the  average synchronizat ion time. 
The i n t e g r a t i o n  o f  the square-law output  before making a threshold 
9 
comparison increases the p r o b a b i l i t y  o f  detect ion,  PD, w i thou t  changing 
the  p r o b a b i l i t y  o f  f a l s e  alarm, PFA. The b ias  sub t rac t i on  before the 
i n t e g r a t i o n  process w i l l  cause the post -detect ion i n t e g r a t i o n  (PDI) out -  
pu t  t o  increase when s ignal -p lus-no ise i s  present and decrease when noise 
alone i s  present. The threshold 8 '  i s  s e t  t o  a  negat ive value a t  the P D I  
output.  I f  t he  output  i s  above the threshold f o r  a l l  O L t L T T R ,  where 
TTR denotes t he  t r unca t i on  time, t he  s igna l  i s  declared present;  o ther-  
wise, the output  w i l l  go below the  threshold,  causing a d ismissa l  o f  
no ise alone i n  a  t ime much smal ler  than TTR, as shown i n  F igure 31. 

PDI 4 I 
Output 
0  * t 
--- 
Noise only '  
F igure 31. PDI Output as a Funct ion o f  Time, t 
6.2.3 Signal  Descr ip t ion  
The received GPS s igna l  r ( t )  i s  o f  t h e  form 
r ( t )  = Jr d ( t )  Pp ( t )  s i n  (wt t $) tiPPC/A d ( t )  PC/A ( t )  cos ( o t  + 4 )  + n ( t )  P 
(70) 
where 
Pp ( t )  = h igh-prec is ion ranging PN code o f  r a t e  10.23 Mc/s 
'C/A ( t )  = Gold code of leng th  1023 ch ips and r a t e  1.023 Mc/s 
d ( t )  = 50 sps data s igna l  
o = c a r r i e r  frequency 
$ = unknown c a r r i e r  phase 
P 
= received power w i t h  P /N = 31.6 dB-Hz P 0 
'C/A = received power w i t h  PClA/N0 = 34.6 dB-Hz 
n ( t )  = a d d i t i v e  thermal noise assumed t o  be Gaussian w i t h  
f l a t  spec t ra l  dens i t y  kN0/2 . 
There i s  a1 so a code doppler o f  45 chips/sec. 
6.2.4 Detector Descr ip t ion  
As shown i n  F igure 30, t he  rece i ve r  mu1 t i p l i e s  r ( t )  by a r e p l i c a  
of p ( t ) ,  which s t a r t s  a t  some a r b i t r a r y  i n i t i a l  code phase. The r e s u l t -  
i n g  product i s  passed through a f i l t e r  wide enough t o  pass the  data 
signal  d ( t )  plus the doppler sh 
bandwidth, B, o f  four  times the 
i t h  1 
r a t e  
i t t l e  d i s t o r t i o n .  A f i l t e r  
i s  enough. For a 50 bps data 
s ignal ,  a bandwidth o f  200 Hz i s  chosen, a1 though the e f f e c t  o f  changing 
bandwidth on the r e s u l t s  i s  discussed l a t e r  i n  t h i s  repor t .  I f  the 
i n i t i a l  phase o f  the code p ( t )  i s  very c lose t o  t h a t  o f  the received 
code, the f i l t e r  output Z ( t )  w i l l  be the data modulated c a r r i e r  plus 
noise; otherwise, the  product w i l l  be noise alone. 
The noise, n ( t ) ,  i n  (70) can be d iv ided i n t o  i t s  two orthogonal 
components, y i e ld ing :  
i f t  w 
data 
n ( t )  = fi nI(t)  cos (wt + $) + d! np( t )  s i n  (wt + 4 )  . 
where nI and n are two independent, zero mean, Gaussian noise processes Q 
w i t h  spectral  densi ty  No(in) = 1.18 No when i n  co r re la t i on  and No(out) = 
1.4 No when not  i n  cor re la t ion .  
2 Assume the square-law output takes the form v ( t )  = 1/2 Z (t). 
Then, the outputs under the  two hypotheses are: 
Let v ( t )  be sa~i!pled a t  t =  11B; then the r e s u l t i n g  random var iable 
( v '  ) w i l l  have the dens i t ies  
P(v '1 in )  = e t v ' 0 ( 2 )  ; "I > o  under HI 
1 -v l /R .  P(vl  l ou t )  = - e R ' v ' > C  under Ho , 
where 
v '  can be generated using the computer [4]  as fol lows: 
(gl + + gz2 
v '  = --- 
2 , f o r  the i n  condi t ion ; 
2 2 
R(gl * 92 ) 
v l = - ,  fo r  the out condi t ion ; 
g1 and g2 are independent, zero mean, u n i t  variance random numbers and 
a i s  the s ignal - to-noise r a t i o  i n  the f i l t e r  bandwidth B. 
For t he  sequential de tec tor  t o  be e f fec t i ve ,  the b ias (b )  must 
take a  value i n  between the means o f  the square-law output under the two 
hypotheses , i . e. , 
where E[X] i s  the  mean o f  the  s ignal  a f t e r  b ias subtract ion and i s  given 
by PI: 
E[Xlout] = ( I  - b ' )  N0(out) B 
E[XI  i n ]  = (1 + a )  k o ( i n )  B - blNo(out) B . 
Subst i tu t ing  i n  (71) y ie lds :  
As a  b e t t e r  value f o r  simulat ion, take 
then, 
A1 though the optimum b ias  b  can be theore t ica l  l y  bounded by the 
above values, the values o f  threshold B and t runcat ion time TTR cannot. 
However, adequate values f o r  0 and TTR can be chosen based on s imulat ion 
r e s u l t s  such tha t  the average synchronization time Ts reaches a  minimum 
value under a desired PD, PFA, and signal- to-noise r a t i o  a. Evaluation 
o f  p r o b a b i l i t y  o f  detect ion P,, and average time t o  dismiss the noise alone 
T,, are needed t o  ob ta in  complete in format ion about the average synchroni- 
za t ion  t ime TI. This can be i l l u s t r a t e d  as fol lows, using :he C/A code. 
Assume the length  o f  the code 1023 chips and the search process proceeds 
i n  ha l f -ch ip  increments; then the number o f  c e l l s  t o  be searched ( the  
uncer ta inty  region) w i l l  be 2 x 1023 c e l l s .  The synchronizer takes an 
average o f  2 x 1023 x TD seconds t o  search through the whole uncer ta inty  
region. Since PD i s  small fo r  small SNR. i t  w i l l  take, on the average, 
l /PD passes through t h i s  region before the cor rec t  synchronizat ion po in t  
i s  reached. Thus, the average synchronization t ime i s  given by 
The values o f  TD and PD are calculated from computer simulat ions 
using the Monte Carlo method as fol lows. Let XN denote the t o t a l  time 
taken t o  dismiss up t o  the  t runcat ion  time TTR for  a number o f  t r i a l s  
equal to  XTEST, assuming the noise s ignal  alone i s  present. Let  X j  denote 
the number o f  t r i a l s  t h a t  were not  d i  smissed ( the  number o f  t r i a l s  where 
the P D I  nutput i s  above threshold f o r  a l l  the t ime O ~ t 5 1 )  under noise 
signal alone. Let X j l  denote the number o f  t r i a l s  t ha t  were no t  dismissed 
under s igna l+no ise  condit ions. Then, 
T, = (XN)/(XTEST - X j )  
= ( X j l  )/(XTEST) 
FA = (Xj)/(XTEST) . 
s important t o  note tha t  there i s  an aver 'age synchronization 
t i m e  cor rec t  ion (TS2 + TS3) tha t  has t o  be added to  the average synchroni - 
r a t i o n  t ime TS1 given i n  (72).  TS2 i s  due t o  fa l se  a l a r m  causing the 
t e s t  t o  proceed t o  t runcat ion  time and i s  given by 
TS2 = 2 r  1 0 2 3 ~  TTR sec x PFA sec . 
TS3 i s  due t o  time (equal t o  Tpenalty ) spent i n  the phase-lock loop t o  
determi;le the fa l se  condi t ion.  Thus, Ts3 i s  given by 
where TDenal t y  i s  1 sec, which i s  the t yp i ca l  code loop response time, 
so the  t o t a l  i verage synchronizat ion t ime would be T 
' to ta l  = Ts l  + T ~ 2  + Ts3* 
6.2.5 Simulation Results and Parameter Optimizat ion 
A computer s imulat ion o f  the  sequential detector  i s  used here, 
since the sequential detect ion process i s  no t  amenable t o  analysis.  A 
f low diagram f o r  the basic computer s imulat ion program i s  shown i n  
Figure 32. The subloops f o r  opt imiz ing the  values o f  threshold 8 and 
bias b are no t  shown, f o r  purposes o f  c l a r i t y .  For d i f f e r e n t  values of 
threshold 8,  the b ias b i s  changed w i t h i n  the permissible range so tha t  
a best value f o r  b and 8 can be selected f o r  f i x e d  values o f  normalized 
t runcat ion  t ime ITRNK o f  20 and number o f  t r i a l s  o f  1000. The r e l a t i o n  
between average synchronizat ion t ime w i t h  b and 8 i s  shown i n  Figure 33 
i n  t h e  range where probabi 1 i ty  o f  detect ion (assuming s ingle-s ignal  
l e v e l )  i s  no t  less than 0.6 and PFA not  greater  than 0.005. The optimum 
values f o r  b and e are chosen from curves t o  be b =  2.4 and 8 = -1 - 2 .  Then 
a t r i a l  i s  made t o  get the r e l a t i o n  between t runcat ion time ITRNK and 
average synchronization time TS1. Two values o f  ITRNK are chosen t o  be 
16 and 10 where, as shown i n  Figure 34, ITRNK o f  10 gives a srnal l e r  TS1 
but a bigger PFA than tha t  o f  16. Figures 35 and 36 show the r e l a t i o n  
between SNR(a) i n  dB versus TS1 f o r  the ITRNK o f  10 and 16, respect ive ly .  
As SNR i n  the rece iver  drops, t he  acqu is i t i on  t ime increases because the 
receiver  tlas t o  make several passes through the f v l l  per iod u n t i l  synchro- 
n i za t i on  i s  detected. 
6.2.6 Cor re la t ion  Peak Detect ion 
A t r i a l  us ing the actual  s ignal  which, i n  the idea l  case, takes 
the t r i a n g l e  shape shown i n  Figure 37 iqstead o f  using s ingle-point  
s ignal + loss was invest igated. As expected, the PD increases (e.g., 
f o r  the previous speci f ic  values of b = 2.4, 8 = -1.2, ITRNK= 10, the 
signal p o i n t  P D =  0.686 while, f o r  the co r re la t i on  s ignal  case, PD= 0.936). 
Table 19 shows i n  d e t a i l  the actual  Monte Carlo random s t a r t i n g  pos i t ions  
and the  associated p r o b a b i l i t i e s .  The i n i t i a l  cond i t ion  i s  chosen a t  
random and the t r i a l  i s  repeated f i v e  times ( L =  5 )  w i t h  the resu l tan t  
p r o b a b i l i t y  o f  detect ion 
ITEST = 0 o r  1 , Betad = dB 
Thold = , ITRNI: (normal i zed) 
Bias = h , MTEST = # o f  t r i a l s  
I + 
XTEST = 
BETA = 10 (Betad/ l  O) 
----- 
A A 2 * Beta * ITEST 
XN = X J  - O, M ; 1 
1 
A 
A h  




Figure 32. Sequential Detect ion Simulat ion Flow Chart 
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\ Simulat ion Parameter Values: 
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Number o f  T r i a l s  = 1000 
ITRNK = 20 
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F igure 33.  Va r i a t i on  o f  Average Synchronizat ion Time and Detect ion P r o b a b i l i t y  
With Bias b and Threshold t i  f o r  P ick ing  b and e 
I I I I I 
Simulat ion Parameter Values: 
I Number of  T r i a l s  = 1000 - 
Search Region = 1023 chips 
b  = 2 .4  
9 Ei = - 1 . 2  9 
T = 2046/200 (ASN/PD) S 











Figure 34.  Var ia t ion  of  Average Synchronization Time and Probabi 1 i t y  of 
False Alarm With Truncation Time (Normal i zed )  
8 = -1.2 
b = 2.4 
Number o f  T r i a l s  = 1000 
ITRNK (Normalized) = 10 
( 3  dB worst-case l o s s  f o r  s i n g l e  p o i n t  d e t e c t i o n )  
I I I 1 I 
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SNR, dB ( a )  
Figure 35. C I A  Code A c q u i s i t i o n  Time as a Funct ion o f  S igna l - to -Noise 
R a t i o  ( I T P N K  = 10) 
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a. F i xed  D e t e c t i o n  P o i n t s  
b. V a r i a b l e  D e t e c t i o n  P o i n t s  
C'at-iable 
11% c h i p  
NOTE: P o s i t i o n  1 (and hence S igna l  1 )  v a r i e s  between 0 and 1/2 c h i p  
t.ando1111y. P o s i t i o n s  2, 3, 4 ( a n d  hence S igna ls  2, 3, 4 )  fo l low 
P o s i t i o n  1  p r o p o r t i o n a t e l y  w i t h  cons tan t  d isp lacement .  
Figure 37. Two I4odels o f  Cor t 'e la t ion  Pedk D e t e c t i o n  Used i n  S i r l lu la t ion  
Table 19. Random S t a r t i n g  Points f o r  Cor re la t ion  Detect ion 
f o r  Monte Car10 Simulat ion and Resultant P r o b a b i l i t y  o f  Detect ion 
Number o f  d i v i s i ons  between 
0 and 112 ch ip  (N) 
Number of t r i a l s  ( L )  5 
P(1) , which corresponds t o  P~ 
random p o s i t i c n  o f  s(1)  a t  1 0.952 
P(2), which corresponds t o  
random p o s i t i o n  o f  s(1) a t  2 0.933 
P(3), which corresponds t o  
random p o s i t i o n  o f  s(1)  a t  3 0.928 
P(4), which corresponds t o  
random p o s i t i o n  o f  s(1) a t  1 . 0.950 
P(5), which corresponds t o  
random p o s i t i o n  o f  s(1) a t  6 0.978 
1 L Average Pd = - 1 Pi L 
i=l 
I n  Table 20, t he  i n i t i a l  c o n d i t i o n  i s  p icked so t h a t  a l l  the  
poss ib le  i n i t i a l  values a r e  chosen equa l l y  and the  average value o f  PD 
i s  ca lcu la ted,  r e s u l t i n g  i n  PD o f  0.9442. The above two cases a re  com- 
pared t o  the  case o f  us ing  f o u r  f i x e d  s igna l  pos i t ions ,  shown i n  F igure 
3;a. which has a p r o b a b i l i t y  o f  de tec t ion  o f  Po = 0.936. Thus, i t  i s  
r.oncluded t h a t  a  dec i s i on  t o  use a f ixed-s ignal  p o s i t i o n  i s  p re fe r red  
,'or s imu la t ion  purposes s ince the  d i f fe rence  between t h i s  case and the 
ac tua l  random case i s  n o t  s i g n i f i c a n t .  
Using t h e  data f o r  the  f i xed  four -s igna l  case, the  average syn- 
cWon i za t i on  time, TS1 + TS2, and Pd are  p l o t t e d  versus SNR, as shown i n  
F g u r e  38, where both synchronizat ion t ime and PD are  improved over those 
cl' Figure 35, which corresponds t o  the  s i ng le -po in t  case. From Figure 38, 
Po = 0.983 a t  SNR = 31.6 dB-Hz. 
Since PD = 0.9 i s  a  reasonable enough value a t  SNR = 31.6 dB-Hz, 
a  ref inement o f  the  r e s u l t s  i s  done by p i c k i n g  d i f f e r e n t  values o f  b and 
0 so t h a t  PD i s  w i t h i n  0.9. The values o f  b = 3  and 8 =  -0.9 a re  chosen 
as optimum values from Figure 39. The corresponding values of p r o b a b i l i t y  
o f  de tec t ion  and p r o b a b i l i t y  o f  f a l s e  alarm a re  PD= 0.9 and PFA= 0.001, 
respec t i ve ly .  The corresponding values f o r  Tstotal as a f u n c t i o n  o f  SNR 
i s  shown i n  F igure 40. As expected, i t  i s  improved by approximately 10% 
a t  a = 8  dB. 
The same reasoning i s  fo l lowed a t  SNR = 34.6 Hz, which corresponds 
t o  t he  C/A code, and the  optimum values a re  taken from Figure 41 t o  be 
0 = -0.07 and b = 4.2. The corresponding values f o r  TStotal and P, versus 
SNR a re  shown i n  F igure 42. 
6.2.7 Doppler E f f e c t  
The e f t e c t  o f  the code doppler on the  s igna l - to -no ise  r a t i o  a i s  
taken i n :  : account i n  t h i s  sect ion.  I t  was shown [4] t h a t  the s i gna l - t o -  
noise . $ a t i o  w i l l  be changed f o r  each new sample t o  take the form: 
where a. i s  the SNR a t  t = 0 ( t h i s  corresponds t o  SNR a t  the peak o f  the 
t r i a r j l c . ) ;  Po i s  the i n i t i a l  phase e r r o r  i t  w i l l  take f o r  the four f i xed -  
si,qnal case, 0.75 ch ips f o r  S(1) o r  S(4) and 0.25 ch ips f o r  S(2) o r  S(3); 
Table 20. Equa l l y  Weighted S t a r t i n g  Po in ts  
f o r  C o r r e l a t i o n  De tec t ion  w i t h  Resu l t i ng  Probabi 1 i ty 
Number o f  d i v i s i o n s  between 
0 and 1/2 c h i p  (N)  
Number o f  t r i a l s  ( L )  5 
P(1), which corresponds t o  
random p o s i t i o n  o f  s (1)  a t  1 0.944 
P(2),  which corresponds t o  
random p o s i t i o n  o f  s (1 )  a t  2 0.926 
P(3), which corresponds t o  
random p o s i t i o n  o f  s (1)  a t  3 0.927 
P(4),  which corresponds t o  
random p o s i t i o n  o f  s (1 )  a t  4 0.959 
P(5), which corresponds t o  
random p o s i t i o n  of s ( 1 )  a t  5 0.965 
1 L Average Pd = 1 Pi 
i = l  
Search Region = 1023 ch ips  
b = 2.4 
e = -1.2 
ITRNK = 10 
PFA = 0.004 
F igu re  38. V a r i a t i o n  o f  De tec t ion  P r o b a b i l i t y  and Synchron izat ion Tinle 
With S igna l - to - l i o i se  Ra t io  f o r  Four Poss ib le  C o r r e l a t i o n  
De tec t ion  Po in ts  
/ Data: 
Search Region = 1023 ch ips 
a = 8 d B  
ITRNK = 10 
Note: Arrows i n d i c a t e  reg ion  o f  curve f o r  which 
p r o b a b i l i t y  o f  de tec t i on  f a l l s  below 0.9. 
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F igure 39. Va r i a t i on  o f  Synchronizat ion Time With Bias b and Threshold 8 f o r  
P ick ing  b and 8 With l l u l t i p l e  Po in t  Cort 'e lat ion Detect ion 
Figure 40. 
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F igure  41. V a r i a t i o c  o f  To ta l  Average Synchron izat ion Time w i t h  0 and b f o r  ( I =  11 dB 
(C/N = 34 dB) a t  C o r r e l a t i o n  Peak f o r  Four-Point  C o r r e l a t i o n  De tec t ion  0 
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Figure 42. Va r i a t i on  of To ta l  Average Synchronizat ion T ime With I I  
(A lso  C/NO) f o r  b and 0 Optimized f o r  cx = 11 dB 
and AP i s  t he  code doppler, which i s  assumed i n  our  case t o  be *5 chips/sec. 
The e f f e c t  o f  t h e  code doppler  on the t o t a l  average synchronizat ion t ime 
T ~ t o t a l  and P, i s  considered f o r  the  four f ixed-s ignal  l e v e l .  
The r e l a t i o n  between doppler and Tstotal and degradat ion i s  
p l o t t e d  i n  Figures 43 and 44 f o r  t he  p rev ious l y  se lected values o f  b  
and 8 a t  the two l e v e l s  a = 8  dB and a = 11 dB, respec t i ve ly .  I t  can be 
seen tha t ,  f o r  doppler o f fsets  g rea te r  than approximately 5 chips/sec, 
the  performance degrades r a p i d l y .  
6.2.8 Predetect ion Bandwidth E f f e c t  
The s imu la t ion  bandwidth was va r i ed  among the  th ree  values 100 Hz, 
200 Hz, and 400 Hz t o  determine the  performance s e n s i t i v i t y  t o  bandwidth. 
The r e l a t i o n  between SNR (dB-Hz) versus Tstotal was considered f o r  the  
three cases us ing t he  best opera t ing  po in t s  a t  (peak o f  t r i a n g l e )  a = 8 dB 
and a = 11 dB, respec t i ve ly .  The s i x  curves a re  drawn i n  F igure 45 w i t h  
the  LinCom r e s u l t ,  which corresponds t o  a  bandwidth o f  500 Hz. I t i s  
noted from the  curves t h a t  the Axiomatix r e s u l t s  g i ve  somewhat b e t t e r  
T s t o t a l  than those o f  LinCom f o r  the  C/k  code. 
6.2.9 Conclusions 
As a r e s u l t  of the analyses and s imulat ions conducted by Axiomatix, 
i t  has been shown t h a t  a  Shu t t l e  GPS rece i ve r  w i t h  sequent ia l  search can 
search and acqui re  the e n t i r e  C / A  code i n  approximately 10 seconds. Fur- 
thermore, 1000 ch ips o f  P code u n c e r t a i n t . ~  can be searched, w i t h  h igh  
p robab i l  i t y  o f  detect ion,  i n  approximately 16 seconds. An ur  favorable 
doppler o f f s e t  of  up t o  5 code chips per  second has negl i g i  b l e  e f fec t  on 
the a c q u i s i t i o n  time. This corresponds t o  a  LOS ,-ange r a t e  unce r ta i n t y  
o f  5000 f e e t  per second f o r  C I A  code a c q u i s i t i o n  and 500 f e e t  per  second 
f o r  P code acqu i s i t i on .  
I I 1 1 I I 1 I 1 I 
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F igure 43. V a r i a t i o n  o f  T o t a l  Synch ron i za t i on  Time and Deyt-addtion k ' i t h  
Code Doppler  O f f s e t  
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F igure 44. Ef fec t  o f  Doppler on Detect ion P r o b a b i l i t y  and To ta l  Average 
Synchron izat ion Time 
Best Poin ts  a t  8 dB: 8 = -0.9, b = 3, P F A =  0.001, PD= 0.91 
Best Po in ts  a t  : I  dB: 0;-0.07, bz4 .2 ,  PFA=O, PD= 0.9 
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Figure 45. Va r i a t i on  of Tota l  Synchronizat ion Time With C/NO and Bandpass F i l t e r  
Bandwidth B  
7.0 GPS CARRIER ACQUISITION AND TRACKING 
Most o f  t h e  GPS user  equipment designed t o  da te  employs an Auto- 
mat ic  Frequency Contro l  (AFC) loop t o  p rov ide  f a s t  c a r r i e r  a c q u i s i t i o n  
and a Costas loop f o r  c a r r i e r  t r a c k i n g  dur ing  de~nodulat ion o f  the  data. 
The composite AFC/Costas loop des ign provides two major advantages over  
a  s imple Costas loop: ( 1  ) t he  c a r r i e r  can be acquired w i t hou t  sweeping, 
and ( 2 )  f a l s e  l ock  due t o  data sidebands i s  avoided. 
To form an AFC d i sc r i n i i na to r  f o r  the  loop, i t  can be seen ( i gno r -  
i n g  no ise )  [5], t h a t  an unnormalized d i sc r im ina to r  can be formed by 
where I and Q are  t he  in-phase and quadrature phase components of the  
s igna l ,  r espec t i ve l y .  Approximating the  t ime d e r i v a t i v e s  by f i n i t e  t ime 
d i f f e rences  o f  t ,  then neg lec t ing  the  sca l i ng  by 111, (73)  beconles 
Thus, f o r  a  frequency e r r o r  AW and a  s inuso ida l  s igna l ,  
I ( t )  = cos ( ' l t l l t t j l )  
Q ( t )  = s i n  (;\(; i t+$). ( 751 
Subst i  t u t i n y  these values i n t o  (73) gives AW and i n t o  (74) gives 
= s i n  (.\wI) . 
Thet-efor-e, us ing f i n i t e  t ime d i f ferences,  a c o n t r o l  propot-t 
quericy e r r o r  cdn be obtained i f  ~ : L ~ I I  I .. 1  . Note t h a t  (74)  
by HPSK da t d  111odula t i o n  unless a  datd b i t  t r a n s i  t i o n  occurs 
de lay 1 .  
i ona l  t o  f r e -  
i s  no t  a f f e c t e d  
w i t h i n  the 
I f  noise i s  present as i n  t . ie GPS rece ivers ,  the mean o f  d!i~l i s  
s t i l l  give11 by ( i 6 ) ,  bu t  there i s  a  SNR penal ty  due t o  the n ~ u l t i p l i c a t i o n  
o f  wideband no ise processes i n  ( 7 4 ) .  To avo id  t h i s  severe penal ty .  the 
delay r can be r e d l i z e d  by lowpass f i l t e r s .  Figure 46 i l l u s t r d t e s  a  
composite AFC/Costas loop where the  AFC discr iminator  described by (74) 
i s  shown w i t h i n  the dashed 1 ines. 
When the  composite loop i s  ou t  o f  lock, a radian frequency e r r o r  
h ( t )  ex i s t s  i n  the  phase detector  output s ignals c c ( t )  and t s ( t ) .  Since, 
t yp i ca l l y ,  the AFC loop bandwidth i s  small r e l a t i v e  t o  the noise bandwidth 
-
o f  the RC arm f i l t e r s ,  then the  average AFC output signal <wo(t)> can be 
computed, assuming h ( t )  f i x e d  equal t o  hw. I n  pa r t i cu la r ,  
where m(t) i s  the  BPSK data modulation, K: i s  the reference signal power, 
K, i s  the  in-phase and quadrature phase detector  (mu1 t i p 1  i e r )  gain, S i s  
the  signal power, and 
Note t h a t  the d i f f e r e n t i a l  equation r e s u l t i n g  from f i l t e r i n g  the signal 
by the  RC f i l t e r s  G(s)  are w r i t t e n  i n  compact form by int roducing the 
4 Heavi side operator p - d/dt. 
The d i g i t a l  modulation m(t) may be represented as 
where an = t l  i s  the data symbol sequence and p ( t )  i s  the data pulse shape. 
e.g., f o r  NRZ coding, 
1 f o r  -T/2 5 t T/2 
0 elsewhere . 
Subst i tu t ing (79) i n t o  (78), 

(81 
where d denotes the  Four ier  transform w i t h  b1 i t s  inverse and 
Subst i tu t ing  
wO(t) 
(83) 
(79), ( 8 l ) ,  and (83) i n t o  (77) and (78) gives 
Taking both the s t a t i s t i c a l  and t ime averages of (84) and r e c a l l i n g  tha 
f o r  random data, 
-- 
1; m = n  
'nam = C n  = I 0; m f n  , 
we get  
<TtI> - 1 
- -- l i m  - I ITo'' p ( t  - nT)[p2(t  - nT) - b l ( t  - nT)] d t  Z j  + m  To -T 1 2  n=-w To 0 
and 
Recognizing that 
then (86) s i m p l i f i e s  t o  
Since the only term i n  (88) which y ie lds  a nonzero cont r ibu t ion  i s  t h a t  
corresponding t o  k=O, then (88) reduces t o  
o r ,  f i n a l l y ,  
where 
i s  the power spectrum of the  modulation m(t )  and IrnlG(ju)) denotes the 
imaginary p a r t  o f  the arm f i l t e r  t r a n s f e r  function.  Since G(s) i s  an 
RC f i l t e r  w i th  t r a n s f e r  funct ion 
then 
Furthermore, f o r  NRZ coded data,  
Subs t i  t u t i n g  (93) and (94) i n  (89), the desired disciminator character- 
i s t i c  i s  given by 
f ( A 4  = 1 I[; cos LT+ s i n  AUT ] e -qT&1 
w c q j  .+ ($) 
Figure 47 i l l u ~  i.ates f (Au) versus Aw/wC fo r  wcT = 0.83~ ( the  
optimum r a t i o  o f  a m  f i l  t e r  3 dB frequency t o  data r a t e  f o r  small ST/NO; 
see [6]) and wcT = 1.66n, respect ive ly .  The equivalent 1 inear  gain, KG, 
a f  these d iscr iminator  cha rac te r i s t i cs  i s  ind icated on Figure 47 by dotted 
l i n e s  and i s  found a n a l y t i c a l l y  as fol lows. Assuming h / w c  t o  be small, 
then from (95), 
where 
Figure 48 i s  a p l o t  o f  K G  versus fcT = wcT/27r. Note from Figure 47 
that ,  as wcT i s  increased, the l i n e a r  gain Kg increases but  the region 
o f  1 i nea r i  t y  decreases. However, the region of 1 i n e a r i  t y  i n  frequency 
increases as wcT i s  increased. For example, if the region o f  1 i n e a r i t y  
i s  def ined as an e r r o r  of less than lo%, then f o r  wcT = 0.83n, the region 
i s  Aw = 0.68 wc or  A f  = 0.282/T, but  i s  Aw = 0.446 wc o r  A f  = 0.3701T f o r  
wcT = 1 . 6 6 ~ .  Figure 49 p lo t s  the region o f  l i n e a r i t y  hfma,T versus fcT. 
Since KG i s  approximately 1 f o r  f c T ~  10, the region o f  l i n e a r i t y  i s  
approximately 

F igure  48. D i s c r i m i n a t o r  L inear  Gain Versus Rat ion o f  A r m  F i l t e r  3 dB 
C u t o f f  Frequency t a  Data Rate 

f o r  fCT 2 10.  
7.1 AFC Loop Response - L inear  Model 
We observe from Figure 47 that ,  f o r  a given value o f  wcT, the 
d< scr iminator  cha rac te r i s t i c  i s  1 inear  over a c e r t a i n  range o f  frequency 
o f f s e t  and, i n  pa r t i cu la r ,  i s  described by (96) i n  t h i s  regfon. Moreover, 
since (95) and hence (96) were derived under the assumption o f  a constant 
frequency o f f se t ,  i .e., w( t )  - $(t) = Au, then from Figure 46, the closed 
loop AFC response i s  described by 
;(t) = K, F2(p) K: < S K $ ( w ( ~ )  - ;(t))/wc 
or, i n  Laplace Transform notat ion,  
2 2 *  where Kv i s  the VCO gain i n  rad/sec/v and ~b Kv K1 K, . Assuming tha t  
F2(s) i s  an imperfect i n teg ra t i ng  f i l t e r ,  i.e., 
then 
which imp1 ies  a f i r s t -o rde r  lour response w i  t h  radian cu to f f  frequency 
* 
K +  i s  no t  included i n  the d e f i n i t i o n  o f  K since i t  i s  a c t u a l l y  
a func t ion  o f  wcT ra the r  than a constant. 
I f  a conventional Costar loop were t o  employ F2(s) o f  (101 ) as i t s  
loop f i l t e r ,  then the loop response would be second-order and character- 
ized by the  fo l l ow ing  parameters: 
(104) 
of the loop, and f o r  small FO2 ( t h e  I n  (104) un2 i s  the na tura l  frequency 
usual case i n  design), 
where c2 i s  the loop 's  damping fac to r .  
.OD 
i s  the data modulation d i s t o r t i o n  fac to r  (equiva lent  power reduct ion due 
t o  arm f i l t e r s ) . *  Using these d e f i n i t i o n s  i n  (102), we ob ta in  
I he func t ion  Kb/(D, u,) which dppears i n  many places i n  (107) and (108) can 
be evaluated as fo l lows.  For an RC arm f i l t e r  and NRZ data, one can show 
from (106) t h a t  
* 
The parameter Dm, l i k e  K p ,  i s  a func t ion  o f  ucT. 
Thus, from (97) and (109). 
w i th  
For example, a t  the small ST/No o p t t w n  design r a t i o  o f  arm f i l t e r  c u t r ~ f f  
frequency t o  data rate, viz., wcT=0.83n, then Kc=0.216. F ~ g u r ~  50 
p lo ts  KC versus fcT. Note that, for  f cTz lO,  Kc= l/wcT. 
7.2 AFC Loop Response t o  an Input Frequency Step 
Using (110), we can w r i t e  (107) i n  the form 
where 
I f  ~ ( t )  i s  now a frequency step n0u( t ) .  1.e.. ~ ( s )  = AO/s, then 

From (113), 
since Fop cc 1. To s imp l i f y  (114) any fu r ther ,  we must express KcT V ~ U ) , . , ~  
i n  the denominator o f  (115) i n  terms o f  the  parameters o f  the conventional 
Costas loop por t ion  o f  the ove ra l l  con~posite locp. Assuming f o r  Fl ( s )  an 
imperfect i n teg ra t i on  f i l t e r  of the form 
then the Costas loop i s  second-order WI t h  parameters [analogous t o  (104) l  
where, ~n add 
po r t i on  alone 
t ion ,  B i s  the s ing le -s~ded  bandw~dth o f  the Costar loop L 1 
Thus, from (104) and (117). we have tha t  
Since a conventional Costas loop i s  t y p i c a l l y  designed t o r  c r i t i c a l  damping 
( r l  = 2 )  and DLIT .' 1. then i f  we a r b i t r a r i l y  choose FO2 L FO1. we have 
tha t  
o r  equivalent ly ,  from (113) dud (115). 
Thus, (112) s i m p l i f i e s  t o  
and accord ing ly ,  ( 1  14) becomes 
The equ iva len t  t ime domain response i s  then 
where we have de f ined  
The corresponding frequency e r r o r  response, q ( t )  = ~ ( t )  - i ( t ) ,  i s  g iven 
by 
Furthermore, s ince from (121), the  AFC ac ts  l i k e  a f i r s t - o r d e r  loop, i t s  
two-sided no ise bandwidth WLF i s  r e l a t e d  t o  (dnF by 
A l te rna te l y ,  the  s ing le -s ided  no ise  bandwidth 
%F by 
A BLF = WLF/Z i s  r e l a t e d  t o  
S u b s t i t u t i n g  (128) i n t o  (126). we o b t a i n  t he  des i red  rad ian  frequency 
e r r o r  response: 
7 . 3  A c q u i s i t i o n  Behavior of t he  Composite AFC/Costas 
Loop i n  t h e  Absence o f  No* 
I t  i s  we l 1 known t h a t  an imper fect  second-order phase-1 oc ked 1 oop 
i s  charac te r i zed  by a  f i n i t e  a c q u i s i t i o n  range ( o f t e n  c a l l  ed capture o r  
p u l l  - i n  range) which represents  the  la rges t  frequency d i f f e r e n c e  between 
the  frequency o f  the  rece ived c a r r i e r  and t h a t  o f  the VCO f o r  which phase- 
l ock  w i l l  occur. Typ ica l  l y  f o r  h igh-ga in  loops, t h i s  a c q u i s i t i o n  range 
( r e l a t i v e  t o  the loop-bandwidth) i s  s o l e l y  a  f u n c t i o n  o f  the  loop damping 
and the  r a t i o  o f  the  t ime constants o f  t h e  imper fect  l oop  f i l t e r .  I n  view 
o f  the  s i m i l a r i t y  between the  d i f f e r e n t i a l  equat ions o f  opera t ion  o f  the  
convent ional  Costas loop  and the  phase-locked loop, one might  expect t he  
two t o  have s i m i l a r  a c q u i s i t i o n  behavior.  Since, i n  e f f e c t ,  a  Costas loop 
recons t ruc ts  and t r acks  a  phantom c a r r i e r  a t  tw i ce  t he  i n p u t  frequency, 
the above statement i s  indeed t rue ,  a t  l e a s t  f o r  frequency e r r o r s  on t he  
order  o f  the loop bandwidth. The s i m i l a r i t y  t o  a  phase-locked loop, how- 
ev(.r, tends t o  break down as the  frequency e r r o r  becomes large,  due t o  
the tendency o f  the  Costas loop t o  f a l s e  lock t o  a  sideband o f  t he  data 
modulation. Such a f a l s e  lock phenomenon does no t  occur i n  a  phase- 
locked loop, s ince i t  t racks  an unmodulated c a r r i e r .  Th is  f a l s e  l ock  
tendency o f  the  Costas loop o f t e n  p r o h i b i t s  a c q u i s i t i o n  by sweeping the 
VCO frequency over the  range o f  frequency uncer ta in ty ,  p a r t i c u l a r l y  i f  
the f a l s e  l ock  f requencies,  which occur a t  i n t e g e r  mu1 t i p l e s  o f  h a l f  the 
data r a te ,  f a1  1 w i t h i n  the unce r t a i n t y  reg ion.  
The add i t i on  o f  the AFC network t o  a conventional Costas loop 
considerably improves the f a l s e  lock  problem and increases the acquis i -  
t i o n  range t o  a value on the order  o f  the arm f i l t e r  bandwidth. 
To begin the analys is  o f  the acqu is i t i on  behavior o f  the composite 
AFC/Costas loop, we present (by analogy t o  the phase-locked loop) the 
r e s u l t s  f o r  acqu is i t i on  range and frequency acqu is i t i on  time* f o r  the 
Costas loop po r t i on  alone. 
For a phase-locb~d loop w i t h  frequency e r r o r  Af, the loop w i l l  
l ock  i f  [7]: 
and the corresponding time t o  achieve the frequency lock  i s  171: 
Since the d i f f e r e n t i a l  equation of operat ion o f  the Costas loop i s  iden- 
t i c a l  i n  form t o  t h a t  o f  the phase-locked loop except t h a t  @ i s  replaced 
by 2@ and A f  by ZAf, then (130) and (131) apply f o r  the Costas loop i f  
A f  i s  replaced by 2Af. I n  pa r t i cu la r ,  f o r  the Costas loop po r t i on  o f  
the composite loop o f  Figure 46, we have tha t  frequency lock i s  achieved 
i f  
and the time t o  reach t h i s  cond i t ion  i s  
* 
We sha l l  ignore the phase s t a b i l i z a t i o n  time ( the  add i t iona l  time 
t o  reach phase lock once frequency lock has been establ ished) since t h i s  
time has only  a small e f f e c t  on acqu is i t i on  t i n e  f o r  appreciable i n i t i a l  
frequency errors.  
where BL, , rl, and FO1 are the loop parameters def ined i n  (122). 
Since the AFC increases the acqu is i t i on  range by producing a 
res to r i ng  fo rce  prspor t ional  t o  t he  frequency e r r o r  [see (95) o r  i t s  
l i n e a r  equivalent (96)], i t  i s  essent ia l  t ha t  the value o f  i n i t i a l  f r e -  
quency e r r o r  be such t h a t  the AFC can reduce t h i s  e r r o r  t o  a value w i t h i n  
the p u l l - i n  range o f  the Costas loop. Since, from (129), the i n i t i a l  
radian frequency e r r o r  can, i n  the l i m i t  as t approaches i n f i n i t y ,  be 
reduced no f u r t h e r  than ~ & ( l  + r )  , then f o r  acqu is i t i on  o f  the composite 
loop, we requ i re  tha t  
L e t t i n g  r, = 2 and using the corresponding d e f i n i t i o n  o f  6 given i n  (125), 
we a r r i v e  a t  the i nequa l i t y  
Since, from Figure 47, the AFC d iscr im inator  cha rac te r i s t i c  i s  
approximately 1 inear over the frequency range AW i 0.68 wc fo r  wcT = 0 . 8 3 ~  
w i t h  slope Kc%, then the maximum acqu is i t i on  range of the composite loop 
i s  approximately 
I f  A0 i s  set  equal t o  0.68 wc and FO1 = 0.001, then a t  w c T =  0 . 8 3 1 ~ ~  the 
i nequa l i t y  i n  (135) can be reduced t o  
I n  view o f  ( I N ) ,  f o r  rl = 2 and FO1 = 0.001, then from (136) 
The corresponding maximum acqu is i t i on  range f o r  the Costas loop alone 
and the same loop parameters i s  obtained from (132) and i s  given by 
Thus, a modest improvement i n  acqu is i t i on  range i s  possible through the 
add i t i on  o f  the AFC. More important, however, t h i s  increased acquis i -  
t i o n  range i s  accompanied by a considerably reduced acqu is i t i on  time. 
When the frequency e r r o r  i s  large, the behavior o f  the composite 
loop i s  con t ro l l ed  p r i m a r i l y  by the AFC loop. Thus, the t ime t, t o  
reduce the frequency e r r o r  from i t s  i n i t i a l  value d f 0 4  A0/2n t o  another 
value, say A f l  , can be determined from (128), viz., 
When dfl becomes w i t h i n  the p u l l - i n  range o f  the Costas loop, then the 
t ime t2 t o  complete the frequency acqu is i t i on  process i s  determined by 
the combined ac t i on  o f  the AFC and Costas loops. This t ime w i  11, i n  
general, be less than t h a t  computed f o r  the Costas loop alone attempting 
t o  achieve frequency lock from an i n i t i a l  frequency e r r o r  o f  bfl . The 
l a t t e r  i s  computed from (133) w i t h  A f  replaced by A f l  Since an expression 
f o r  t2 i s  d i f f i c u l t  t o  obtain, we sha l l  upper bound t2 by the value t i  
computed f o r  the Costas loop ac t ing  alone as discussed above. Thus, we 
propose t o  upper bound the acqu is i t i on  time T o f  the composite loop ACQ 
by t he  sum o f  tl as determined by (141 ) and t i  as determined by (133) w i t h  
bfl  r ep lac ing  ~ f .  Since A f l  i s  thus f a r  a r b i t r a r y ,  we s h a l l  choose i t s  
value so as t o  minimize T ' = t ,  + t i  . Furthermore, i f  bfl i s  consider-  ACQ 
a b l y  l ess  than t he  p u l l - i n  range of t he  Costas loop, then t he  a c q u i s i t i o n  
t ime formula o f  (133) s i m p l i f i e s  t o  
We s h a l l  make t h i s  assumption i n  what f o l l ows  and check i t s  reg ion  o f  
v a l i d i t y  l a t e r  on. Since we wish t o  choose A f l  so as t o  minimize 
T~~~ = t, l t i  , we can d i f f e r o n t i a t e  T w i t h  respect t o  i f ,  and equate ACQ 
t he  r e s u l t i n g  expression t o  zero. L e t t i n g  
and 
we have from (141) and (142) t h a t  
Thus, 
o r ,  a f t e r  simp1 i f i c a t i o n ,  
r 
3 2nf0 F 
X - --- 1 + c  X -  
1 bfo s 
l t  = 0 .  (146) 
2 4c2 2C 2c2 ( 1  + 5 )  
- 
3 2 A cubic  equat ion of  the form x + px t q x  + r = 0 may be reduced t o  
3 y + a y + b  = O (147) 
by s u b s t i t u t i n g  f o r  x the  value o f  y - p / 3 .  Here, 
The case of i n t e r e s t  here i s  where 
f o r  which there wi t  1 be three rea l  and unequal roots.  These solut ions f o r  
y are obtained as fol lows. Compute the value o f  the angle e i n  the 
expression 
Then the three solut ions yl, y2, and y3 are 
- 
"2 = 2 1- -$ cos ($ + ?) 
- 
y3 = 2 - + cos (-+ + $) 
or, equivalent ly ,  the three solut ions f o r  x are 
X1 
L = 2 JT cos - - 3 3 
Comparing (146) and (147) and normal iz ing x by ZAfO, we f i n d  that ,  cor- 
responding t o  (152), we have the three solut ions 
where 
and 
L e t t i n g  r1 = 2 and subst i tu t ing  the r e l a t i o n  f o r  6 found i n  ( 1 2 5 ) ,  we get 
Although i t  appears f r o ~ n  (153) t h a t  three so lu t ions  ex i s t ,  i n  r e a l i t y  
on ly  the f i r s t ,  namely *e1/2Af0, r e s u l t s  i n  
The i nequa l i t y  of (157) i s  necessary t o  insure a rea l  so lu t i on  f o r  TACp, 
since we observe t h a t  the  above expression i s  the argument o f  the natura l  
logar i thm i n  the  f i r s t  term o f  (144). F ina l l y ,  then, so lv ing the f i r s t  
equation i n  (153) using (154) and ( l56) ,  we can compute our desired upper 
bound on T from [see (144)l :  ACQ 
As an example of the acqu is i t i on  t ime f o r  a GPS receiver,  consider 
the  parameters used i n  the GPSPAC. The data r a t e  i s  50 bps and BL1 = 35 Hz 
(o r  BLIT = 0.7). FO1 = 0.001, and rl ? For optimum t rack ing  a t  low ST/NO, 
the arm f i l t e r  bandwidth i s  fcT = 0.419. Figure 51 i l l u s t r a t e s  the acqui- 
s i t i o n  t ime w i th  these parameters w i t h  fcT = 0.415 and f .T = 10. From 
L 
Figure 51, i t  i s  seen t h a t  there i s  l i t t i e  d i f fe rence i n  the  curves fo r  
the two values o f  fcT, bu t  the region o f  l i n e a r i t y  as ind ica ted  by the 
dashed l i n e s  of nfmaXlBU i s  l a rge r  f o r  fcT = 10. Also included i n  Figure 
51 i s  the acqu is i t i on  t ime performance o f  a conventional Costas loop as 
computed from (133) which assumes fc/BL1 >> 10. The asymptote ind ica ted  
by A ~ ~ / B ~  = 9.488 i s  the p u l l - i n  range o f  the Costas loop determined from 
(132) a t  which p o i n t  the denominator of (133) vanishes and the acqu is i t i on  
t ime becomes i n f i n i t e .  The acqu is i t i on  t ime f o r  the Costas loop and the 
composite AFCICostas loop i s  T '  = 13.7 sec and T' = 43.4 msec, respec- ACQ ACQ 
t i v e l y ,  f o r  A fo=  Af,,= 160 Hz, fc = 500 Hz, and BLl = BLF= 35 Hz. I n  other  
words, the composite AFC/Costas loop acquires 316 times fas te r  than the 
conventional Costas loop. These acqu is i t i on  times a lso  assume t h a t  the 
conventional Costas loop does no t  f a l s e  lock; but, there are f a l s e  lock 
points  a t  +25, +50, +100, and 5150 Hz about the c a r r i e r  frequency fo r  the 
F igure  51. A c q u i s i t i o n  Behavior o f  Composite AFCICostas Loop (BUT = 0 .7 )  
conventional Costas loop and no f a l s e  lock  points  f o r  the  composite AFC/ 
Costas loop. 
Narrowing the Costas loop bandwidth improves t rack ing  under low 
dynamic condi t i ons  such as the ShuttleIGPS receiver  w i  11 encounter on- 
o r b i t .  Figure 52 presents the acqu is i t i on  t ime f o r  the AFCICostas loop 
w i t h  BLIT = 0.1 o r  seven times narrower than i n  Figure 51. For AfmaX = 160 Hz, 
the acqu is i t i on  t ime o f  the composite AFC/Costas loop increases by a fac to r  
of 430 w i t h  RL1 = BLF= 5 Hz from TiCp= 43.4 msec w i t h  BLl = BLF= 35 Hz. 
I n  fact, Figure 52 shows that ,  f o r  f,T = 10, the  acqu is i t i on  t ime increases 
exponent ia l ly  as Afo increases above-3 Hz f o r  BLFs BL1 = 5 Hz. However, 
the composite AFC/Costas loop can s t i l l  acquire a t  160 Hz, whi le  the con- 
vent ional Costas loop can never acquire. I f  narrower arm f i l t e r  band- 
widths than fcT= 10 are used, then as shown i n  Figure 52 the acqu is i t i on  
t ime i s  decreased w i t h i n  the reg ion  o f  1 i nea r i  t y  f o r  the narrower band- 
width; but, o f  course, the acqu is i t i on  range i s  decreased. 
One f i na l  po in t  before leaving the discussion o f  acqu is i t i on  per- 
formance regards v e r i f i c a t i o n  o f  the assumption made j u s t  p r i o r  t o  (142). 
a l low ing use o f  t h i s  s i m p l i f i e d  acqu is i t i on  t ime formula ra the r  than (133) 
i n  de r i v i ng  the bound on acqu is i t i on  time. The assumption made was t h a t  
the  so lu t i on  found f o r  the value o f  Af, which minimized T' would s a t i s f y  ACQ 
A f l  << 
or,  equivalent ly,  
Usinq xl/(2af0) as determined from (153), Figure 53 p l o t s  the 
1 eft-hand side o f  (160) versus AfolBL1 f o r  r1 = 2 and FO1 = 0.001. For 
these parameter values, the r ight-hand side o f  (160) equals 9.488. Since 
the denominator o f  (133) i s  computed as one minus the square o f  the r a t i o  
o f  the le f t -hand t o  r ight-hand s ide o f  (160), we observe from Figure 53 
t h a t  t h i s  cor rec t ion  fac to r  i s  we1 1 w i t h i n  our approximation over most 
values o f  frequency o f f s e t  w i t h i n  the acqu is i t i on  range. 
FOl = 0.001 
r1 = 2 
J 9.488 
Convent iona 1 
BUT 0.1 
Costt., Loo;, 
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7.4 - Tracking Performance o f  Composite AFC/Costas Loop 
When separate loop f i l t e r s  are employed f o r  the AFC and Costas 
loops as i n  Figure 46, the equivalent add i t i ve  Costas loop noise and AFC 
e r r o r  s ignal  (which acts 1 i ke add i t i ve  noise when the loop i s  locked) are 
processed by d i f f e ren t  closed loop t rans fe r  funct ions inso far  as evaluat ing 
phase t rack ing  j i t t e r .  To see t h i s ,  we begin by r e l a t i n g  the VCO output 
phase t o  i t s  two input  signal components, i.e., 
Kv 
a t )  = p CFl (PI z 0 ( t )  ' F*(P) w o ( t ) l  , (161 
where z o ( t )  and wo(t )  are given by 
and 
+ K: < ~ , ( t )  [ & i ( t )  - ~ , ( t ) ]  cos 24 ( t )  
where the add i t i ve  channel noise i s  expressed i n  the form o f  a narrowband 
process about the actual frequency o l  the observed data, viz. ,  
n i ( t )  = .'3i{~,(t) cos [ (do t  + O( t ) ]  - Ns ( t )  s i n  [ i ~ ) ~ t  + ( t ) ] }  . (164) 
The narrowband processes Nc ( t) and NS( t )  are s t a t i s t i c a l l y  independent. 
s tat ionary,  white Gaussian noise processes w i t h  single-sided noise spectral  
densi ty  No \/Hz. The narrowband processes Nc ( t )  and N S ( t )  i n  (162) and 
(163) are N c ( t )  and N S ( t )  passed through the lowpass arm f i l t e r  G(s), 
respect ive ly .  A l te rna te ly  separating z o ( t )  i n t o  i t s  signal and noise 
components, we can rewr i t e  (161 ) as 
where 
~ ~ ( t . 2 9 )  [- ~:(t)  + ~j:(t) - 2 ~ ( t )  ~ , ( t )  ] s i n  29 
+ [2 6- i ( t )  f ic ( t )  - 2 ~ , ( t )  r i s ( t )  ] cos 24 (1 66) 
and 
~ ( t )  2wO(t) = 2 P ( t )  NC( t )  - 2 N C ( t )  NS( t )  
- 2 A m( t )  NC(t )  - 2 NC(t )  NS( t )  . (167) 
2 Then. l e t t i n g  K Ky K:$, rep lac ing d Z ( t )  by Dm 4 .-IN (t),, and ignor ing  
the  se l f -no ise o f  the modulation, we get  
K 2B(t)  = { ~ ~ ( p )  [ S  Dm s i n  2 4 ( t )  + v2(t,24)1 + F2(p) w ( t )1  . (168) 
A 
F ~ n a l l y ,  l e t t i n g  ~ ~ ( t )  2 4 ( t )  = 2 [e( t )  - i ( t ) ]  = ep ( t )  - G2(t)  and tak ing  
the  l i nea r i zed  case, i .e . ,  s i n  2 t ( t )  20 ( t ) ,  gives the desired d i f f e r e n t i a l  
equation o f  locp operation, v iz . ,  
Defining, as i s  done f o r  conventional Costas loop 
t rans fe r  funct ion,  
s, the closed loop 
, , 
equat ion (170) s i m p l i f i e s  t o  
where Ne(t)  i s  the t o t a l  equ iva len t  no ise and, as pred ic ted,  i s  composed 
of the  sum of the  addl t i v e  Costas loop noise v 2 ( t  ,24) and AFC e r r o r  s igna l  
w(t) ,  each processed by d i f f e r e n t  c losed loop t r a n s f e r  funct ions.  To 
evaluate the  t r ack ing  performance o f  the  composite loop, we must f i n d  the 
spec t ra l  dens i t y  o f  Ne( t ) .  
From the  d e f i n i t i o n  o f  Ne(t)  g iven i n  (1721, 
t h a t  i t s  power spec t ra l  dens i t y  SN (a) i s  g iven  by 
e 
we see by inspec t ion  
where the  as te r i sk  denotes complex conjugate, SV2(a) and SW(o) a re  the  
power spec t ra l  dens i t i es  o f  v2(t,m2) a n d w ( t ) ,  respec t i ve ly ,  and S (u) 2'4 
and Swv,(w) a re  the  corresponding cross-spect ra l  dens i t ies .  Since the 
L 
bandwidth o f  the Costas loop 
respect t o  the equ iva len t  no 
AFC loop w i t h  respect t o  w ( t  
de l  t a - co r re l  a  ted pr ocesses w 
and cross-spect ra l  dens i t i es  
i s  o r d i n a r i l y  designed t o  be narrow w i t h  
i s e  bandwidth o f  v2(t ,d2) and 1 ikewise f o r  
), we can approximate ~ ~ ( t , ( ~ )  and w ( t )  as 
i t h  power spec t ra l  dens i t i es  S (0 )  and Sw 2 
Sv .(0) and S w v 2 ( 0 )  From [a], 2  
the 
S i m i l a r l y ,  from the d e f i n i t i o n  of  w ( t )  i n  (1671, we f i n d  a f t e r  some a 
b ra i c  manipu la t ion t h a t  
Thus, s u b s t i t u t i n g  (174)  and (175) i n t o  (l73), we g e t  
where 
The t o t a l  equ iva len t  noise  power, oNe2, can now be obta ined by i n t e g r a t i n g  
(176)  between -hn and rn, v i z . ,  
The f i r s t  i n teg ra l  i n  (178) i s  the well-known r e l a t i o n  f o r  loop bandwidth 
o f  a second-order Costac loop, i .e., 
The second in teg ra l  i n  (178) i s  evaluated as fo l lows.  Define 
where 
In teg ra l s  o f  the type given i n  (180) have been prev iously  tabulated (see 
f o r  example, [ 7 1 ,  p. 135, Table 4-1). When the denominator o f  A,(s) 
i s  a th i rd -order  polynomial, i .e., n = 3, then the  r e s u l t  i s  
Subst i tu t ing  (181 ) i n t o  (182), one obtains a f t e r  considerable s i m p l i f i c a t i o n  
where we have made only the assumption t h a t  FOl ,F02 << 1. Further r e l a t i n g  
BL12 t o  the bandwidth BLl of the Costas loop alone by 
one can show, us ing (104), (108), ( I l l ) ,  (117), (128), and (183), t h a t  1 ;  i 
Thus, f o r  rl = 2, (185) reduces t o  
where 5 i s  def ined i n  (125). Figure 54 i l l u s t r a t e s  the  bandwidth r a t i o  yB 
as computed from (186) versus BLF/BLl f o r  FO1 = 0.001, BLIT = 0.7, 0.1, and 
fcT = 0.415, 10. 
F ina l l y ,  combining (178), (179), (183), and (184), the t o t a l  
equivalent noise power, which i s  i d e n t i c a l  t o  the mean-square phase 
t rack ing  j i t t e r  o;~, i s  given by 
where 
i s  the s ignal - to-noise r a t i o  o f  an equivalent l i n e a r  loop, e.g., a phase- 
locked loop, having a bandwidth equal t o  t h a t  o f  the Costas loop, sL i s  
1 
Figure 54. Bandwidth Rat!o yB Versus the R a t i o  o f  AFC t o  Costas Loop Bandwidth 
the f a m i l i a r  squaring l oss  o f  the Costas imp, namely, 
and SL i s  the  squaring loss  o f  the  AFC loop which i s  def ined by 2 
I n  (188) and (1891, piA2S/NOBi i s  the  signal- to-noise r a t i o  i n  the  a n  
f i l t e r  bandwidth. For a s ing le-pole RC arm f i l t e r  as i n  Figure 46, 
Furthermore, f o r  NRZ data, Kg and KD defined i n  (177) can be evaluated as 
and 
Figure 55 i l l u s t r a t e s  Dm, KD, and KD as def ined i n  ( log) ,  (191) and (192) 
versus fcT = wcT/2n. A t  fcT = 0.415, (191) and (192) are evaluated as 
KD = 0.782 and KD = 0.437. Also, from ( l og ) ,  Dm= 0.645. S imi la r l y ,  a t  
fCTz10,  then KDZ0.992, KD=0.0162, and Dm=0.984. Thus, the component 
o f  phase t rack ing  j i t t e r  due t o  the Costas loop f o r  fcT = 0.415 i s  given 
by 
I I I I I t I I I I I 
0 
I 
0.4 0.8 1.2 1 . 6  2.0 2.4 
fcT  
F i g u r e  55. Parameters Dm, Kg, and KD Versus f c T  f o r  an RC Arm F i l t e r  
and NRZ Data 
and f o r  f c T =  10, 
Since f o r  a s ingle-pole  RC f i l t e r .  Bi = uc/2, we can express pi as 
Thus, (193)  can be r e w r i t t e n  as 
and (194) can be r e w r i t t e n  as 
S i m i l a r l y ,  t h e  AFC loop component o f  phase t rack ing  j i t t e r  f o r  fcT = 0.415 
i s  given by 
and f o r  fcT = 10, 
Figures 56 and 57 i l l u s t r a t e  the rms phase t rack ing  j i t t e r  om2 
as computed from (196) - (199) and (187) versus ST/NO (Eb/NO) i n  dB f o r  
FO1=0.001, r l = 2 ,  and BL1T=0.7, 0.1, respect ive ly .  The parameter i n  
both f igures i s  the r a t i o  o f  AFC t o  Costas loop bandwidth f o r  fcT = 0.41 5 
and fcT = 10. Acquisi t i o n  may take place if 0 ~ 5  1.0 radian. The t rack ing  
requirement f o r  the  Shuttle/GPS i s  0m2=0.524 radian. I n  Figure 56, the 
composite AFC/Costas loop t rack ing  performance i s  the same as the conven- 
t i o n a l  Costas loop when BLF/BLl I 0.01 f o r  fcT = 0.41 5 and when BLF/BLl 5 0.001 
fo r  f,T = 10. I n  Figure 47. the composite AFC/Costas loop t rack ing  per- 
formance i s  the same as the conventional Cortas loop w h e ~  BLF/BLl 5 0.001 
f o r  fcT = 0.41 5 and when BLF/BL, 1 f o r  fcT = 10. Comparing Figures 56 
and 57 w i t h  Figures 51 and 52, one immediately observes the trade-off  
between acqu is i t i on  and t rack ing  performance o f  the composite loop as the 
BLF/BL1 bandwidth r a t i o  i s  var ied. A1 ternate ly ,  a f t e r  acqu is i t ion ,  the 
arm f i 1 t e r  and 
t h i s  case, w i t h  
performance can 
switch the AFC 
AFC d iscr iminator  i npu t  t o  the VCO can be switched o f f  and the Costas loop 
loop f i l t e r  bandwidths can be readjusted f o r  t rack ing.  I n  
a l i t t l e  more complexity, the acqu is i t i on  and t rack ing  
be optimized separately. I n  f ac t ,  many GPS user sets do 
loop o f f  and change the f i l t e r  bandwidths f o r  t rack ing.  
Figure 56. Tracking J i t t e r  Performance f o r  Composite AFC/Costas Loop 
(BLIT = 0.7) 
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Figure 57.  Tracking J i t t e r  Performance f o r  Composite AFC/Costas I.oop 
(BLITZ 0.1) 
8.0 GPS RECEIVER CLOCK MODEL 
8.1 I n t r o d u c t i o n  
O s c i l l a t o r s  used f o r  t i m i n g  i n  the  GPS user  se t  and s a t e l l i t e  
a re  character ized by long-term i n s t a b i l  -- i t y  and shor t - term i n s c a b i l  i ty_. 
Long-term i n s t a b i l i t y  i s  based on measuremen+ i n t e r v a l s  o f  hours o r  days 
o r  longer;  shor t - term i n s t a b i l  i t y  i s  based on measurement i n t e r v a l s  o f  
m i w t e s  o r  seconds o r  shor te r .  Short- term i n s t a b i  1  i t y  accounts f o r  t h e  
random and re1 a t  i v e l y  r a p i d  frequency ( o r  phase) f l  uc tqa t ions  t h a t  occur. 
Long-term i n s t a b i  1  i t y  accounts f o r  t he  constant  frequency e r r o r  and 
r e l a t i v e l y  slow frequency d r i f t s  t h a t  occur due t o  aging. Th is  sec t i on  
provides the  q u a n t i t a t i v e  cha rac te r i za t i on  o f  o s c i l l a t o r  s t a b i l i t y  t h a t  
i s  necessary f o r  spec i f y i ng  t he  S h u t t l e  GPS r ece i ve r  o s c i l l a t o r .  
3.2 Technical Discussion --. 
A t y p i c a l  sample f u n c t i o n  o f  the  rad ian  frequency process o f  an 
o s c i l l a t o r  i s  i l l u s t r a t e d  i n  F igure  58. For a  square c l ock  s igna l ,  the  
osc i  1  l a t o r  outputs  s ( t  , ~ ( t ) )  can he represented as 
and loo = frequency i f  the o s c i l l a t o r  were per fec t  
s 2 t  = d r i f t  o r  long-term component 
$ ( t )  = shor t - term component o r  phase noise. 
Thus, 
character izes the instantaneous phase accumulations. F igure  59 shows a 
t y p i c a l  aging curve f o r  a  f a i r l y  good quar tz  c r y s t a l  o s c i l l a t o r .  Least 
squares f i t s  o f  the  s t r a i g h t  l i n e s  t o  the two pa r t s  o f  F i g ~ l r e  y i e l d  aging 
ra tes  o f  0,536 . 10-1° per day and 0.515 10-lo per day, r espec t i ve l y .  
Figure 58. Typ ica l  Ins tan tanems Frequency F luc tua t ions  o f  an 
O s c i l l a t o r  
F igure 59. Frequency Aging of a  Good Quar tz  Crys ta l  O s c i l l a t o r  ( taken 
from J. A. Barnes, ------ P roceed ingso f  the  I E E E ,  -- February 1966) 
For t he  GPS clocks, bo th  s e t t a b i l i t y  e r r o r  and long-term d r i f t  
con t r i bu te  t o  t he  long-term elapsed t ime e r r o r .  Se t tab i  1 i ty  i s  def ined 
as t he  p r e c i s i o n  t o  which two c lock  standards can be se t  t o  the  same f r e -  
quency. Jus t  how accura te ly  two c locks  can be s e t  t o  the  same i n i t i a l  
frequency i s  determined by F, t he  f r a c t i o n a l  frequency o f f s e t  c o e f f i c i e n t  . 
The accumulated t ime e r r o r  bTS due t o  s e t t a b i l  i t y  i s  g iven by 
ATS 
= 8.64 x l o l o  FT, 
where bTS i s  i n  microseconds, F i s  l e s s  than b u t  g rea te r  than 10'13 
i n  p a r t s  per  lo- '  pe r  day, acd T i s  the  elapsed t ime i n  days. 
Long-term d r i f t  a r i ses  from slow changes i n  the average frequency 
o f  the  c lock  due t o  changes i n  t h e  c l ock  resonator.  The accumulated 
t ime e r r o r  due t o  long-term i n s t a b i l  i t y  i s  
where dTL i s  i n  microseconds, F'  = $21271 and i s  l e s s  than bu t  
g rea te r  than i n  p a r t s  per  1 0 ~ '  per  day, and T i s  the elapsed t ime 
i n  days. The t o t a l  accumulated t ime e r r o r  a f t e r  T days i s  
A 
Table 21 summar 
t h a t  a re  used as c locks 
1 MHz, 5 MHz o r  10 MHz. 
the  Efratom Rubidium 10 
i zes  the c h a r a c t e r i s t i c s  o f  several  osc i  1 l a t o r s  
. The frequency-t ime standards a re  u s u a l l y  o f  
The o s c i l l a t o r  used by the  GPS s a t e l l i t e s  i s  
MHz w i t h  c h a r a c t e r i s t i c s  shown i n  Table . 
The shor t - term i n s t a b i l i t y  i s  o f  more i n t e r e s t  i n  the use o f  the 
GPS than long-term i n s t a b i l  i t y  because the opera t ion  o f  c a l c u l a t i n g  
pseudo range and o ther  processes of  t ime i n  the nav iga t ion  f i l t e r  a re  on 
the  order  o f  0.1 second t o  a few seconds. Therefore, i ( t )  must a l so  be 
considered. I n  general, the  rad ian  frequency i s  character ized by 
w i t h  a an independent random v a r i a b l e  and $ ( t )  a zero mean s ta t i ona ry  




















































































































































































which has a mean square value cf 
where the  overbar denotes t he  s t a t i s t i c a l  expectat ion. L e t  the  average 
phase i n s t a b i l i t y  ( o r  change i n  phase over  a measurement o f  r seconds) 
be denoted by ~ $ ( T ) / u ~ T ,  then 
I
There a r e  several  models f o r  the  D ( T )  o f  an o s c i l l a t o r  which character -  + 
i z e  ( 1  ) RC-type frequency i n s t a b i l  i t i e s ,  (2 )  Gaussian-type frequency 
i n s t a b i l i t i e s ,  (3)  f l i c k e r - t y p e  i n s t a b i l i t i e s ,  (4 )  pe r t u rba t i on  noise, 
and ( 5 )  o s c i l l a t o r  spur and v i b r a t i o n  noise. For example, w i t h  RC-type 
frequency i n s t a b i l i t i e s  
where U- i s  the rnis frequency dev ia t i on  o f  the  o s c i l l a t o r  and r0 i s  the  4 
c o r r e l a t i o n  time. For shor t - term i n s t a b i l i t y ,  D ( T )  has an asymptote of 0 
Therefore, from (ZOO), 
and the  rms elapsed t ime e r r o r  due t o  shor t - term i n s t a b i l i t y  i s  
where AT i s  i n  nanoseconds, r i s  i n  seconds, and f = 0 t oi2 i s  IL 
g iven i n '  able 21 under shor t - term i n s t a b i l  i ty  fo r  1 second averaging 
time. Note fo r  t h i s  model o f  o s c i l l a t o r  i n s t a b i l i t y ,  the  shor t - term 
i n s t a b i l  i 1 f o r  0.1 second averaging t ime i n  Table 21 can be used when 
T i s  l ess  than 0.3 second. 
9.0 SHUTTLE GPS INTERFACE CONTROL DOCUMENT 
Because o f  the c r i t i c a l i t y  o f  the Shut t le  navigat ion func t ion  
and because GPS navigat ion e n t a i l s  elements external  t o  the Space Shut t le  
Transport ion System (STS), i t  i s  necessary t o  es tab l ish  an Inter face Con- 
t r o l  Document (ICD) between the GPS system and the Shut t le .  Examples o f  
the external elements inc lude the NDS Space Vehicle Navigation Subsystem 
and the PRN Navigation Assembly s ignal  charac ter is t i cs .  
Such an I C D  has been establ  ished f o r  the conventional user sys- 
tem segment, which does no t  inc lude the Space Shut t le  o r  any other  
space-borne users o f  GPS. This ICD,  MH08-00002-400, Space Vehicle Navi - 
gat ion  Subsystem and NTS PRN Aavigat ion Assembly/User System Segment and 
Monitor Stat ion, i s  a v a l i d  s t a r t i n g  p o i n t  f o r  the GPS/Shuttle I C D .  I t  
alone, however, i s  no t  s u f f i c i e n t  t o  guarantee the succcessful u t i l  i za-  
t i o n  o f  GPS by the Shut t le .  An example o f  one shortcoming i s  t ha t  t h i s  
I C D  spec i f ies  the GPS s ignal  power l e v e l  a t  the ea r th ' s  surface but  no t  
a t  the o r b i t a l  a l t i t u d e s  a t  which the Shut t le  operates. The cur ren t  I C D  
for earth-bound users r e f l e c t s  the  f a c t  t ha t  the GPS sate1 1 i t e  antenna 
pat terns are shaped t o  provide a maximum power densi ty  approximately un i -  
formly over the ea r th ' s  surface, w i t h  rap id  fa1 1 - o f f  beyond the edge of 
the earth. The ShuttleIGPS I C D  muqt speci fy  the equivalent "point ing 
loss"  f o r  several Shut t le  o r b i t a l  a1 t i t udes  o r  must ~ p e c i f y  the E f fec t i ve  
I so t rop i c  Radiated Power (EIRP) versus angle o f  the sate l  1  i t e l e a r t h  
center1 ine. 
A pre l iminary o u t l i n e  o f  the Shuttle/GPS I C D  i s  given i n  
Table 22. This o u t l i n e  w i l l  be expanded and the I C D  w r i t t e n  according 
t o  the expanded version during the forthcoming fol low-on contract .  




I n t e r f a c e  D e f i n i t i o n  
GPS Sate1 1  i t e  Navigat ion Subsystem 
GPS Signal  RF Cha rac te r i s t i c s  
GPS Signal  Baseband Cha rac te r i s t i c s  
GPS Time 
Space Shu t t l e  Navigat ion Subsystem 
I n t e r f a c e  I d e n t i f i c a t i o n  
GPS System 
Space Shu t t l e  System 
GPS Sate1 1  i t e  Cons te l l a t i on  D e f i n i t i o n  
O r b i t a l  Cha rac te r i s t i c s  
Deployment Schedule 
Mai ntenance/Repl acement Schedule 
Radio Frequency Cha rac te r i s t i c s  
RF Signal  S t ruc tu re  
Navigat ion Data Update 
GPS Sate1 1 i t e  Operating Modes 
Frequency Plan 
Out-of-Band Emissions 
In-Band Spurious Emissions 
Signal  Coherence 
C a r r i e r  Phase Noise 
Code Waveform Cha rac te r i s t i c s  
Pul se-to-Pulse J i t t e r  
I nc i den ta l  AM 
Group Delay Var ia t ions  
Timing Accuracy 
Antenna P o l a r i z a t i o n  
Shu t t l e  Received RF Signal  Levels 
On-Orbi t 
L1 Navigat ion Signal  
L2 Navigat ion Signal  
In-Atmosphere 
L1 Navigat ion Signa! 
L2 Navigat ion Signal  
Po in t i ng  Loss Slope 
Navigat ion Signal  S t ruc tu re  
P  Code Generation 
C/A Code Generation 
P Code Acqui s i ti on From C/A Code 
Frequency Standard 
Accuracy 
D r i f t  
Signal Data 
Data Waveform Cha rac te r i s t i c s  
Data Format Cha rac te r i s t i c s  
Data Block Contents 
GPS Denial o f  Accuracy 
A1 g o r i  thm 
Shu t t l e  Navigat ion Accuracy 
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APPENDIX A  
MEASUREMENT OF TACAN TRANSMITTER PULSE SPECTRUM 
The f o l l o w i n g  i s  a  d e s c r i p t i o n  o f  t h e  measurement per formed by 
JSC o f  t h e  TACAN p u l s e  spectrum. 
The TACAN used was a  Hoffman AN/ARN84 o p e r a t i n g  on channel 26 
(X mode) i n  t h e  search mode (150 p u l s e  p a i r s  p e r  second). The t e s t  
eqdipment used i s  shown i n  F igu res  A-1 and A-2. 
The t r a n s m i t  t w i n  pu l ses  were recorded as shown i n  Photograph A-1 
u s i n g  t h e  t e s t  equipment c o n f i g u r a t i o n  as shown i n  F i g u r e  A-1 . The p u l s e  
j i t t e r  t echn ique  used f o r  cod ing  caused some s y n c h r o n i z a t i o n  problems b u t  
t h e  pu l ses  ob ta ined  a r e  t y p i c a l  o f  those desc r i bed  i n  t h e  TACAN l i t e r a t u r e .  
Photograph A-2, t h e  t r a n s m i t  spectrum, was o b t a i n e d  as shown i n  
F i g u r e  A-2. The t o t a l  o f  63 dB a t t e n u a t i o n  was r e q u i r e d  i n  o r d e r  t o  p r o -  
t e c t  t h e  spectrum a n a l y z e r  f rom burnout .  The photograph shows t h e  n a i n  
s p e c t r a l  component a t  1150 MHz and no d i s c e r n i b l e  component a t  t h e  
1226 YHz r e g i o n .  Photograph A-3 i s  t h e  same c o n f i g u r a t i o n  as Photograph 
A-2 except  t h a t  t h e  base1 i n e  c l  i p p e r  c o n t r o l  on t h e  a n a l y z e r  was tu rned  
t o  minimum. T h i s  caused t h e  t r a c e  t o  bloom on t h e  scope. The scope was 
r e a d j u s t e d  t o  remove t h e  bloom which caused t h e  main component t o  fade 
and l eave  o n l y  t h e  base1 i n e  n o i s e  as d e s i r e d  t o  enable see ing  any smal l  
s i g n a l s .  The approximate f requency shown i n  t h e  photograon was from 
11 30 t o  1330 MHz. Scan t ime  on Photograph A-2 was 2  s e c o n d s / d i v i s i o n  
and 20 m i l  1  i s e c o n d s / d i v i s i o n  f o r  Photograph A-3. Amp1 i tude was 
10 d B / d i v i s i o n .  
photograph A-4 i s  t h e  spectrum o f  t h e  t r a n s m i t  p u l s e  w i t h  t h e  peak 
a g p r o x i n a t e l y  60 dE above t h e  b a s e l i n e .  Some asymmetry i s  no ted b u t  no 
e x p l a n a t i o n  was found t o  cause t h i s .  The spectrum was expected t o  be 
symmetr ica l .  P io tog rdph  A - 5  i s  t h e  same as Photograph A-4 except  f o r  
removal o f  b a s e l i n e  c l i p p i n g .  Scan t ime  was aga in  2 seconds and 


































































































































































































































































































































































P t i O T O G R A P t i  A - 2 .  T R A N S M I  T S P E C T R U M  
SCAN 1130 M H z  t o  1 3 3 0  b l i t z  ( 2 0  M l i z / D I V . )  
A M P L I T U D E  1 0  d B / D I V .  
SCAN T I M E  2 SEC/DtV. 
P}IOTQGRAP)1 A - 3 .  'I'RANSMI'I' SI'1;C'I'RIJM 
l ~ A S I ~ I , I N l i  Cl ,  l !'PER MI N I M I h l  
1 1  30  b l l l z  t o  1 3 3 0  b l l l z  ( 2 0  b l I I z / I ) I V .  ) 
A M P 1 , I I ' U I ) I ~  10 d A / I ) l V .  
SCAN T I M I I  2 0  mSE(:/I~iV. 
PHOTOGRAPH A-4.  T R A N S M I T  S P E C T R I J Y  
BANDWIDTH 100 KHz 
SCAN 0 . 5  b l H z / D T V .  
SCAN T I M E  2 S E C / D I V .  
A M P L I T U D E  L O  d B / D I V .  
PHOTOGRAPH A - 5 .  I'HANSM 11' SPIX'I'RIIM 
B A S E L I N E  C 1 4 1 i P I I I l  b lINIbl l lFI  
BANI)WIDTII 1 0 0  Hi;: 
S C A N  0 . 5  M t l z / D I V .  
S C A N  TtblE 2 0  m S i i C / I ) I V .  
M P L I  : 'JI lE 10  d B / l l I V .  
